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ABSTRACT OF THE DISSERTATION 
 

HMGB2 regulation of effector, memory, and exhausted CD8+ T cells during viral 
infection and cancer 

 
by 

Emily N. Neubert 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2023 

Assistant Professor Roberto Tinoco, Chair 

 

CD8+ T cells are a critical component of adaptive immune responses, mediating 

the clearance of viral infections and cancers while providing long-term protection. In 

response to infection, CD8+ T cells enter a range of differentiation states dictated by 

antigen strength and other environmental cues. These extrinsic signals induce a network 

of transcriptional regulators that further specify the CD8+ T cell fate decision. The 

significant impact of extrinsic signals on the quality of T cell responses and the subtypes 

of T cells produced is highlighted by the drastic differences in phenotype and function of 

T cells arising during acute and chronic infections. During acute infections, antigen-

specific CD8+ T cells differentiate into cytotoxic effector T cells that clear the infection 

before a small subset differentiate into memory T cells for long-lived immunity. These 

effector and memory T cell differentiation programs are altered during chronic viral 

infections and cancers due to persistent antigen stimulation, resulting in antigen-specific 

CD8+ T cells entering a state of exhaustion. Exhausted CD8+ T cells are dysfunctional 

compared to the effector and memory T cells that arise during acute infections, resulting 

in impaired immune responses to chronic infections and diminished long-term protection. 
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As with effector and memory differentiation, exhaustion is accompanied by specific 

transcriptional and epigenetic programs that reinforce this terminal cell fate. However, the 

complete characterization of the cellular and molecular mechanisms underlying effector, 

memory, and exhausted CD8+ T cell differentiation are still unknown.  

We investigated the role of HMGB2, a chromatin modifier, on the transcriptional 

and epigenetic networks that modulate terminal differentiation of antigen-specific CD8+ T 

cells during acute and chronic infections. During acute LCMV Armstrong infection, we 

found HMGB2 was critical for the differentiation and maintenance of memory CD8+ T 

cells, and more specifically the central memory T cell (Tcm) subset. Tcm cells are critical 

for secondary immune responses to reinfections, and correspondingly, memory Hmgb2-

/- CD8+ T cells were unable to mount a response to a secondary challenge. We showed 

that HMGB2 regulated the accessibility of memory and stem cell associated genes that 

were required for memory T cell differentiation and recall responses. We also found that 

HMGB2 expression was dispensable for effector CD8+ T cell responses, as WT and 

Hmgb2-/- CD8+ T cells had equivalent frequencies, numbers, and cytotoxic function during 

Arm infection. In contrast, we found a critical role for HMGB2 in the maintenance of 

exhausted CD8+ T cells during chronic LCMV Cl13 infection and cancer. We found that 

HMGB2 was required for the differentiation and survival of progenitor exhausted (Tpex) 

T cells, which are critical for seeding the exhausted T cell pool and re-expansion to 

immune checkpoint blockade therapies. Therefore, exhausted Hmgb2-/- CD8+ T cells 

were lost during Cl13 infection and within melanoma tumors, with an inability to re-expand 

upon secondary acute infection. We found HMGB2 regulated the accessibility and 

expression of Tpex associated genes, while inhibiting the accessibility and expression of 



 xv 

genes associated with terminally exhausted (Tex) T cells. The decline of these more 

terminally exhausted Hmgb2-/- CD8+ T cells resulted in diminished viral and tumor control 

using both in vivo adoptive transfer T cell models and Hmgb2-/- mice. Together, this 

dissertation details the critical role for HMGB2 in regulating the transcriptional and 

epigenetic networks of memory and exhausted CD8+ T cell differentiation. This work is 

an important contribution to our current understanding of CD8+ T cell fate decisions during 

acute and chronic infections, with various implications for vaccination and 

immunotherapeutic strategies. 
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CHAPTER 1 
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1.1 T Cell Activation 

After maturation, naïve CD8+ T cells exit the thymus and continuously migrate 

throughout secondary lymphoid organs. Within this population of naïve T cells, a small 

proportion are able to respond to infection by any given pathogen. Effective T cell 

activation requires three signals to produce a productive response to an infection, with 

only the first signal being antigen-specific. First, naïve CD8+ T cells scan the cell surface 

of antigen presenting cells (APCs), which are immune cells that display antigen in the 

form of processed peptides on their major histocompatibility complexes (MHC). Once the 

T cell receptor (TCR) of a naïve CD8+ T cell encounters its cognate antigen presented by 

an MHC class I molecule, this interaction serves as the first signal required for optimal T 

cell activation. The final two signals are from co-stimulation molecules (CD80/86 and 

CD28) and cytokines (Il-12, Type-I interferons). Combined, these three signals generate 

intracellular TCR signaling pathways that cause antigen-specific CD8+ T cells to rapidly 

proliferate and acquire effector functions. However, each signal can individually influence 

the effector T cell response: TCR signal strength and duration impacts the proliferation 

and differentiation of activated T cells; the surface molecules providing co-stimulation 

result in unique downstream signaling and gene expression; cytokines initiate distinct 

signaling and transcriptional pathways1, 2, 3. Therefore, the pathogen and resulting 

inflammation determines the cell fate and longevity of the responding T cell pool. 

Additionally, the transition from naïve to effector T cells is accompanied by dynamic 

transcriptional and epigenetic changes which ultimately impact the fundamental identity 

of effector T cells. These changes are regulated by upstream transcription factors that 

initiate early effector gene expression and epigenetic modifications that impact chromatin 
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accessibility. The subsequent CD8+ T cell response after activation differs depending on 

the type of infection encountered; acute infections (those cleared quickly) result in the 

differentiation of effector and memory T cells while chronic infections (those persisting 

long-term) initiate the T cell exhaustion program and prevent memory T cell development. 

The differences between CD8+ T cell responses to acute and chronic infections will be 

discussed further in subsequent chapters. Together, the activation of naïve CD8+ T cells 

involves multiple signals, which impact the cell fate decision, survival, and accumulation 

of effector T cells during acute and chronic infections.  

1.2 CD8+ T Cell Responses to Acute Viral Infections 

The immune response to viral infections centers around the differentiation of 

cytotoxic CD8+ T cells from their naïve precursors. Acute viral infections usually result in 

effective anti-viral T cell responses, with the robust proliferation and expansion of 

differentiated effector CD8+ T cells that specialize in killing infected cells. Once the virus 

is cleared from the host, effector T cells experience reprieve from antigen and functional 

memory CD8+ T cells develop, providing long-term protection from reinfection. Overall, 

the CD8+ T cell response can be characterized by three distinct phases: (i) expansion; (ii) 

contraction; and (iii) memory differentiation (Fig. 1.1). In the following sections, I will 

provide a summary of the foundational literature and regulation surrounding effector and 

memory CD8+ T cell responses. 

1.2.1: Effector T cell differentiation 

As described in the previous section, antigen-specific naïve CD8+ T cells that are 

activated will proliferate and differentiate into effector CD8+ T cells. These effector T cells 

migrate to peripheral sites of infection and kill infected cells through expression of effector  
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Figure 1.1 T cell differentiation in response to acute infection or vaccination. 
Upon activation by cognate antigen, naïve CD8+ T cells differentiation into SLECs and 
MPECs, subsets within the Teff pool, to control peak antigen load. The majority of Teff 
cells die, with remaining cells differentiating into Tmem cells (Tem and Tcm). Following 
secondary antigen exposure, Tmem cells are reactivated and differentiate into 
secondary Teff cells to control the infection. Abbreviations: SLEC, short-lived effector 
T cell; MPEC, memory precursor effector T cell; Teff, effector T cell; Tem, effector 
memory T cell; Tcm, central memory T cell.  
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molecules, including perforin, granzymes and anti-viral cytokines. During this expansion, 

antigen-specific effector CD8+ T cells further differentiate and form a heterogenous 

population, consisting of two major subsets: short-lived effector T cells (SLECs) and 

memory precursor effector T cells (MPECs)4. SLECs are terminally differentiated 

cytotoxic T cells with increased KLRG-1 expression and reduced expression of CD127, 

which have full cytotoxic capacity and are mainly responsible for eliminating infected cells. 

Comparatively, MPECs make up a much smaller subset of the effector T cell pool and 

retain CD127 expression and downregulate KLRG-1. These cells are precursors to the 

memory T cell compartment since they have greater potential to survive long-term after 

pathogen clearance. The bifurcation of these two subsets is regulated by both 

extracellular and intracellular signals that are not fully understood, although a few lineage-

specifying transcription factors have been identified. Known transcription factors crucial 

for the initial expansion and differentiation of SLECs are IRF4, STAT1, TBET, BLIMP1, 

ID2 and ZEB2, while EOMES, TCF-1, FOXO1, ID3, BACH2, and STAT3 promote MPEC 

differentiation1, 2, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14. Additionally, epigenetic differences between SLECs 

and MPECs may mechanistically explain the divergence in their gene expression profiles. 

For example, DNMT3A and TET2 inhibit MPEC formation by methylating genes 

(repressing transcription) associated with memory T cell differentiation and function15, 16. 

Additionally, SLECs have repressive histone modifications at genes required for survival 

and memory T cell formation17, while MPECs have more open regulatory regions at genes 

related to naïve and memory properties18. Once the pathogen is cleared, only 5-10% of 

effector T cells surviving to form the long-lived memory T cell pool19, 20. The majority of 

SLECs undergo apoptosis while the MPECs survive this contraction and transition to 
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memory CD8+ T cells8, 21. Contraction of the effector T cell pool is critical because this 

prevents stimulated CD8+ T cells from damaging healthy cells and tissues after the 

resolution of infection.  

1.2.2: Memory T cell differentiation 

Memory CD8+ T cell differentiation is critical for effective and rapid responses upon 

reinfections with the same pathogen. Importantly, memory T cells are more efficient than 

naïve T cells in mounting effector responses and combating infection. Not only are there 

significantly increased numbers of antigen-specific memory T cells compared to antigen-

specific naïve T cells, but memory T cells are also capable of circulating peripheral 

tissues, allowing them to localize to different sites of re-infection. Furthermore, memory T 

cells have a unique epigenetic state compared to naïve T cells that supports a more 

accelerated antigen-specific response22, 23. Memory CD8+ T cell differentiation is 

progressive after antigen clearance, resulting in unique genotypic, phenotypic, and 

functional properties24, 25, 26. Memory T cells downregulate effector molecules but can 

quickly reacquire cytotoxic activity with pathogen re-exposure. They are also maintained 

long-term via homeostatic proliferation that preserves the memory T cell pool in the 

absence of antigen. Within the memory CD8+ T cell compartment, there are distinct 

subsets defined by effector function, proliferative potential, transcriptional program, and 

contribution to protection from reinfection26, 27, 28, 29, 30, 31, 32. The classic memory T cell 

subsets are effector memory (Tem) and central memory (Tcm) T cells. Tem cells are 

more cytotoxic with constitutive effector functions and migrate to peripheral tissues within 

the host1, 28, 30, 33, 34. Comparatively, Tcm cells are long-lived, have enhanced self-renewal 

and proliferative capacity, traffic through lymphoid tissues, and facilitate the maintenance 
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of long-term memory T cell responses29, 30, 35, 36, 37, 38, 39. Tcm cells are also capable of 

differentiating into effector T cells after reinfection. Despite having decreased proliferation 

upon re-infection, Tem cells quickly produce effector molecules and serve as the first line 

of defense, while Tcm cells are considered the critical memory subset for robust, long-

term protection. 

The heterogeneity within the CD8+ memory T cell pool allows for the maintenance 

of a stable T cell population capable of producing rapid, effective responses upon re-

infections. The differentiation of memory T cells is regulated by a specific network of 

transcription factors that modulate gene expression. Additionally, these transcription 

factors can also alter chromatin structure through recruitment of chromatin modifying 

enzymes or through their intrinsic activity. Specific transcription factors critical for memory 

T cell identity include FOXO1, RUNX3, BCL-6, LEF1, and TCF-1. FOXO1 is critical for 

memory T cell development and maintenance, with decreased quantity and self-renewal 

capacity of memory T cells without Foxo1 expression40, 41, 42, 43. FOXO1 directly promotes 

the expression of pro-memory and pro-survival genes, including Il7r, Bcl2, Sell, Ccr7, 

Tcf7, Eomes, and Bach2, and may do so through shielding these loci from repressive 

chromatin modifications17, 44, 45. RUNX3 and BCL-6 also drive memory T cell formation, 

with RUNX3 directly modulating the accessibility of memory T cell cis-regulatory elements 

and BCL-6 binding regulatory regions of memory genes, including Tcf746, 47. The 

epigenetic program of memory T cells also allows them to rapidly reacquire effector 

functions upon reinfection and be long-lived. Specifically, memory CD8+ T cells are 

demethylated at promoters of effector genes (including Ifng, Gzmb, and Prf1) and survival 

genes (including Bcl2 and Il7r)48, 49, 50, 51. 
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TCF-1 is a critical regulator of memory T cell differentiation, self-renewal, and recall 

responses. TCF-1 is a key transcription factor of the Wnt signaling pathway, plays a 

crucial role in T cell fate specification, and is a well-established regulator of CD8+ T cell 

self-renewal52, 53. The expression of TCF-1 is downregulated in effector T cells but 

reacquired in memory, with TCF-1 expression required for the formation and survival of 

MPECs and Tcm cells, but not for effector T cell responses7, 54, 55, 56, 57. In addition to its 

role as a transcription factor, TCF-1 also has intrinsic histone deacetylase activity, thereby 

condensing chromatin and repressing gene transcription58, 59. More specifically, TCF-1 is 

required for preprogramming a transcriptional program in memory T cells that supports 

their rapid recall responses upon secondary challenge60. TCF-1 also induces the 

deacetylation of effector genes, including Prdm1, in favor of memory T cell formation7, 59. 

Furthermore, TCF-1 deficient memory CD8+ T cells have compromised self-renewal and 

differentiation into secondary effectors upon reinfection7, 54, 55. 

Overall, there is a complex network of transcription factors and epigenetic 

modifying proteins that regulate the effector vs. memory fate decision in activated CD8+ 

T cells. Despite some characterization, the majority of these proteins involved still need 

to be identified. Moreover, the relationships between regulators and how they may 

interact to drive T cell subset-specific differentiation are still unknown. It is imperative to 

identify the critical regulators of memory T cell formation as this understanding could help 

reprogram terminally differentiated CD8+ T cells and contribute to the design of T cell-

based therapies and vaccines. 

1.3 CD8+ T Cell Responses to Chronic Infections 
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During acute infections, naïve CD8+ T cells are activated and undergo robust 

proliferation and differentiate into effector CD8+ T cells. Following antigen clearance, a 

small subset of activated CD8+ T cells differentiate into memory T cells which are critical 

for recall responses upon reinfections. However, in cases of chronic viral infections and 

cancer where the pathogen is not cleared, CD8+ T cells are persistently stimulated by 

antigen. This continued TCR stimulation alters effector and memory T cell differentiation, 

inducing a hyporesponsive state of dysfunction in antigen-specific T cells called 

exhaustion (Fig. 1.2). T cell exhaustion is characterized by high co-expression of multiple 

inhibitory molecules, diminished effector function, altered transcriptional, epigenetic and 

metabolomic programs, and overall ineffective viral and tumor control. Despite an inability 

to eliminate chronic infections, exhausted T cells prevent continued activation of effector 

T cells that would induce T cell-mediated pathology and mortality of the host. Therefore, 

exhaustion is an intrinsic regulatory mechanism that prevents immune system 

overactivation. Since exhausted T cells are a unique immune cell type with central roles 

in chronic viral infections and cancer, they have become a critical target for 

immunotherapies, which target the immune systems of chronically infected patients for 

therapeutic benefit. However, these therapies are not robustly effective and fail in the 

majority of patients. In order to improve upon current immunotherapies, it is clinically 

important to have a better understanding of the development, molecular mechanisms, 

and transcriptional and epigenetic programs of exhausted T cells. 

1.3.1: Exhausted T cell characteristics 

T cell exhaustion was first used to described persistent but functionally 

compromised CD8+ T cells in mice with chronic lymphocytic choriomeningitis virus  
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Figure 1.2 T cell differentiation in response to chronic infection or cancer. 
Upon activation by cognate antigen, naïve CD8+ T cells differentiation into MPECs and 
eventually fully differentiate into Tex cells. During chronic infection or cancer, Tex cells 
are unable to clear antigen and develop into Tpex and then terminal Tex cells, before 
being deleted entirely. Abbreviations: MPEC, memory precursor effector T cell; Tex, 
exhausted T cell; Tpex, progenitor exhausted T cell.  
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(LCMV) infection61. These antigen-specific T cells were unable to control the viral infection 

due to diminished cytotoxicity and cytokine production62, 63. Since their initial discovery 

decades ago, exhausted T cells have been identified as a unique T cell population, 

functionally distinct from effector and memory T cells. Exhausted T cells are characterized 

by their hierarchical loss of effector functions, decreased proliferative capacity, 

upregulation of inhibitory receptors, and altered transcriptome and epigenetic program 

(Fig. 1.3)64. T cells enter this exhaustion program during chronic viral infections and 

cancers due to high load and long duration of antigen exposure. Additionally, severity of 

exhaustion correlates to inhibitory receptor expression, anti-inflammatory signals from 

immunomodulatory cells and cytokines, and decreased CD4+ T cell help65. Exhausted T 

cell responses have been identified in many human chronic viral infections, including 

human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus 

(HCV)66, 67, 68. 

Exhausted T cells begin losing effector functions at early stages of chronic 

infection, which becomes progressively more severe as the infection progresses. First, 

exhausted CD8+ T cells lose the ability to produce IL-2 and have reduced proliferation 

capacity69. Exhausted T cells then lose TNF-α and IFN-γ production, as well as 

cytotoxicity, which combined results in severely defective effector function. Finally, the 

responding exhausted T cells die via apoptosis and are physically eliminated in the host. 

Together, this promotes pathogen persistence but prevents immune-mediated pathology. 

Exhausted CD8+ T cells are also characterized by their co-expression of multiple 

inhibitory receptors, surface molecules that regulate the overactivation of T cells. At late 

stages of acute infections, effector T cells begin expressing inhibitory receptors to  
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Figure 1.3 Characteristics of functional and exhausted T cells. 
Chronic antigen exposure drives T cell exhaustion in chronic viral infections and 
cancer. Exhausted T cells have increased expression of inhibitory receptors, increased 
TOX expression which drives the fixed exhaustion epigenetic program, decreased 
production of effector molecules, and metabolic dysfunction. Together, these 
alterations result in diminished cytotoxicity and prevents effective viral and tumor 
control. Abbreviations: OXPHOS, oxidative phosphorylation; ROS, reactive oxygen 
species; TCR, T cell receptor.  
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attenuate T cell activation and limit immune function to prevent immunopathology. In 

contrast, exhausted T cells have elevated and prolonged expression of multiple inhibitory 

receptors, including PD-1, TIM-3, LAG3, CTLA-4, and TIGIT, which dampen positive 

costimulatory signals in these cells70. These inhibitory receptors utilize various 

mechanisms to damped exhausted T cell function, including competitive binding and 

reduction of TCR signaling. Despite being dysfunctional compared to effector CD8+ T 

cells arising during acute infections, exhausted CD8+ T cells maintain some antiviral 

function; depletion of exhausted CD8+ T cells from mice infected with chronic LCMV71, 72 

or from macaques with simian immunodeficiency virus (SIV)73, 74 results in increased viral 

loads. Exhausted T cells are also characterized by metabolic dysfunction. Compared to 

effector and memory T cells which utilize aerobic glycolysis and elevated oxidative 

phosphorylation (OXPHOS) respectively, exhausted T cells have suppressed 

mitochondrial respiration and glycolysis, with increased reactive oxygen species (ROS)75, 

76, 77, 78. Underlying the phenotypic and functional differences between exhausted T cells 

and other T cell subsets are unique epigenetic and transcriptional changes that will be 

discussed in a subsequent section.  

Tumor-specific CD8+ T cells also have hallmarks of T cell exhaustion, with these 

dysfunctional T cells identified in patients with melanoma79, 80, 81, 82, 83, chronic myeloid 

and lymphocytic leukemia84, 85, 86, ovarian cancer87, non-small cell lung cancer88, 89, and 

Hodgkin lymphoma90. The tumor microenvironment exacerbates chronic stimulation of 

tumor-specific T cells through the presence of abundant ligands for co-inhibitory 

receptors, inhibition of aerobic glycolysis, and downregulation of MHCI expression91, 92. 

These mechanisms of immune evasion allow for the long-term persistence of cancer 
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cells, similar to that seen during chronic viral infections, and result in tumor-specific T cells 

entering the exhaustion-specific differentiation program.  

1.3.2: Exhausted T cell subsets 

Exhausted T cell (Tex) differentiation is a dynamic and progressive process with 

heterogeneity in the responding T cells. The differentiation and cell fate of exhausted T 

cell subsets are defined by specific transcriptional programs, which are enforced at the 

epigenetic level. Additionally, these subsets are further defined by functionality. Although 

memory and exhausted T cells arise from the same pool of naïve T cells, the persistent 

antigen stimulation during chronic infections drives the exhaustion fate decision, resulting 

in the progressive loss of their memory potential93, 94.  

Recently, there is a proposed linear differentiation process of T cell exhaustion, 

which consists of progenitor, intermediate, and terminally exhausted subsets (Fig. 1.4)95, 

96. Progenitor exhausted T cells (Tpex) express TCF-1, CXCR5, Slamf6, ID3, and 

BACH2, with low expression of TIM-397, 98, 99, 100, 101. Tpex cells continuously proliferate 

and are referred to as “stem-like” because they self-renew and generate the more 

terminal exhausted subsets98, 102. However, Tpex cells are not multipotent in that their 

differentiation is limited to the generation of exhausted subsets. In this way, Tpex and 

memory T cells have functional similarities, but are transcriptionally and epigenetically 

distinct100. The formation, maintenance, and function of Tpex cells require the 

transcription factor TCF-152, 102, 103, 104, 105, 106. TCF-1 stabilizes Tpex cells by promoting 

the expression of EOMES, BCL-6, cMyb, and BCL-2, which antagonize terminal 

differentiation and promote survival97, 98, 100, 101. The Tpex population is of clinical 

importance, as immune checkpoint blockade (ICB) therapies specially target their  
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Figure 1.4 Subsets of exhausted T cells. 
Proposed linear model of exhausted T cell differentiation during chronic viral infections 
and cancer. Transcription factors and surface markers defining progenitor exhausted 
(Tpex), transitory effector-like exhausted, and terminally exhausted (Tex) T cell 
subsets. 
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expansion and proliferation to reinvigorate adaptive immune responses in chronically 

infected patients, which will be discussed in greater detail in a subsequent section. 

The intermediate subset is an effector-like transitory exhausted population that is 

characterized by downregulation of TCF-1, upregulation of TOX, and surface expression 

of PD-1 and CX3CR1107, 108. Transitory exhausted T cells represent an intermediate cell 

state between Tpex and terminal Tex cells, with retained proliferative capacity and the 

initiation of GranzymeB production107. Compared to Tpex cells, transitory Tex cells have 

increase effector function. Transcriptionally, transitory Tex cells are defined by their 

expression of BATF, IRF4, T-bet, Blimp-1, and ID292. Although transitory Tex cells are 

similar in function and transcription factor expression to effector CD8+ T cells arising 

during acute infections, the two subsets are epigenetically distinct109. 

Finally, terminal Tex cells are short-lived and have the most severe functional 

defects; although they have increased effector function compared to the other subsets, 

they have the lowest proliferation capacity, polyfunctionality, and are unamenable to 

reinvigoration110. Terminal Tex cells do not express TCF-1, and instead overexpress 

TOX, which transcriptionally and epigenetically reinforces the exhaustion program95. 

They also have high co-expression of the inhibitory receptors PD-1, TIM-3, LAG3, and 

CD38, with low expression of CXCR5, CD44, and Slamf6110. The terminal exhausted 

state of this subset prevents their reinvigoration, while Tpex and transitory Tex cells are 

both reinvigorated with ICB therapy111.  

1.3.3: Epigenetic and transcriptional profile of exhaustion 

Cell fate is largely determined by transcriptional programs, where the expression 

of specific genes is regulated by networks of transcription factors and chromatin 
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accessibility. Exhausted CD8+ T cells are a distinct T cell lineage compared to naïve, 

effector, and memory, and as such, have a unique profile of transcriptional and epigenetic 

factors that drive and reinforce this state of dysfunction (Fig. 1.5). The majority of 

phenotypic and functional differences between these distinct T cell subsets can be 

explained by differences in their epigenetic landscapes. The overall epigenetic state of 

exhaustion is not only unique to exhausted T cells but is extremely stable with a temporal 

link between the establishment of the exhaustion-specific epigenetic signature and the 

commitment to exhaustion. Epigenetic programs are associated with changes in histone 

modifications, DNA methylation, chromatin accessibility, and expression of transcription 

factors (discussed in subsequent section). Importantly, recent epigenetic analyses in 

mouse and human chronic viral infections and cancers have shown a conserved 

exhausted T cell epigenetic profile between species and across chronic infections111, 112, 

113, 114. These exhausted T cells have common differentiation programs, regulatory 

mechanisms, and epigenetic modifications, thereby suggesting that exhausted T cell 

epigenetic regulation is mainly driven by chronic TCR signaling. Some of these conserved 

epigenetic signatures unique to exhausted T cells include decreased accessibility of 

genes associated with effector T cell differentiation (Ifng, Tnfa, Il2, Klrg1) and increased 

accessibility of genes associated with exhaustion (Pdcd1, Havcr2, Lag3, Tigit, Tox, 

Tcf7)44, 109, 115, 116. The common differentiation program across species and infection types 

suggests the transcriptional and epigenetic programs unique to exhaustion are regulated 

by a common network of transcription factors and chromatin modifiers. However, the 

complete regulatory network underlying the exhaustion-specific program is unknown. 
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Figure 1.5 Regulatory network of exhausted T cells. 
Chronic TCR signaling drives exhaustion, activating NFAT and its downstream 
molecules (mainly NR4A and TOX) through calcineurin, thereby upregulating 
expression of inhibitory receptors. TOX and NR4A promote and maintain Tex cells 
through epigenetic and transcriptional modifications. Transcription factor TCF-1 is 
activated by CD28 and the FOXO1 signaling network, driving the formation and 
survival of Tpex cells through promoting expression of EOMES, BCL-6, and BCL-2. 
Blimp-1 and TCF-1 repress each other, with Blimp-1 promoting Tex cells through 
inhibiting expression of memory T cell genes. DNMT3A epigenetically reinforces the 
exhaustion program through silencing effector and memory T cell genes. 
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One notable epigenetic signature of exhausted T cells is an additional enhancer 

upstream of the Pdcd1 (PD-1) loci. Although CD8+ T cells activated during acute and 

chronic infections express PD-1, this enhancer is only found in exhausted T cells and not 

effector or memory116, 117. Additionally, the Pdcd1 promoter and two proximal enhancer 

elements are fully demethylated, whereas these regions are methylated, and thus Pdcd1 

expression is repressed, after acute LCMV clearance118. Another important regulator of 

the exhausted T cell epigenetic program is the methyltransferase DMNT3A, which 

catalyzes methylation events during exhausted T cell differentiation119. When DNMT3A is 

deleted, there is an increase in the expression of memory associated genes, including 

Tcf7, suggesting it enforces the differentiation of terminally exhausted T cells119. 

Significantly, the epigenetic state of exhausted T cells is fixed and irreversible, even with 

reactivation or ICB therapy. These exhaustion-specific epigenetic features are initiated 

early on during chronic infections, with the fixed epigenetic state developing over time. 

This stepwise acquisition of the exhausted epigenetic program was highlighted in 

adoptive transfer experiments of tumor-specific CD8+ T cells, where two distinct phases 

of chromatin remodeling were identified that enforce the differentiation of exhausted T 

cells after activation instead of effector or memory T cells94. Furthermore, exhausted T 

cells experience epigenetic imprinting, where core exhaustion epigenetic features are 

propagated to progeny94, 100, 119, 120, 121. Despite ICB therapy inducing robust reinvigoration 

of exhausted T cells in patients, the epigenetic state of antigen-specific exhausted T cells 

changes only slightly, preventing robust therapeutic responses in the majority of 

patients117. The unique epigenetic program of exhausted T cells helps explain their 
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altered network of transcription factors and the exhaustion-specific gene regulation of 

these cells. 

As with the epigenetic program, the transcriptional signature of exhausted T cells 

has been investigated, with numerous important regulators identified. Of note, many 

exhausted T cell features are associated with the altered use of transcription factors 

commonly used by functional effector and memory T cells122, 123. These transcription 

factors are expressed in exhausted T cells but form distinct transcriptional networks 

unique to exhausted T cell differentiation and function. Overall, there is a temporally 

regulated hierarchy of transcription factors that establish and maintain exhaustion during 

chronic infections: first, chronic TCR signaling after activation results in partnerless NFAT 

inducing the expression of inhibitory genes (Pdcd1, Havcr2, Tox)124, 125; second, TCF-1 

and BACH2 enforce the differentiation of Tpex cells, as well as their self-renewal, 

proliferation and survival100; third, T-bet drives the transition from Tpex to the transitory 

effector exhausted state8; finally, TOX, EOMES, and NR4A drive terminal Tex cell 

differentiation and support their persistence during later stages of chronic infection95, 126, 

127. During this temporal regulation of the exhaustion-specific transcriptional program, key 

regulators have been identified with similar roles in exhausted T cells from chronic viral 

infections and cancers. Transcription factors supporting Tpex differentiation and function 

include TCF-1, FOXO1, BACH2, ID3, BCL-2, and BCL-641, 43, 100, 123, 128, while those 

associated with terminal Tex cells include TOX, EOMES, NFAT, and Blimp-198, 123, 124, 129. 

Of these transcription factors, TCF-1 and TOX are the two most important regulators of 

the exhaustion cell fate decision and the differentiation of Tpex and terminal Tex cells.  

1.3.4: TCF-1 and TOX 
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TCF-1 is a key transcription factor of the Wnt signaling pathway, with a critical role 

in T cell fate decisions130. In CD8+ T cells, TCF-1 regulates stemness with a significant 

role in memory T cell and Tpex cell self-renewal and long-term survival98, 106. In addition 

to its function as a transcription factor, TCF-1 also has intrinsic histone deacetylase 

activity and thus can remodel chromatin accessibility59. As discussed earlier, TCF-1 is 

critical for the differentiation, function, and maintenance of Tpex cells during both chronic 

viral infections and cancers. The binding motifs of TCF-1 are enriched in Tpex cells, 

emphasizing the importance of TCF-1 in regulating the Tpex-specific transcriptional and 

epigenetic programs95, 131, 132. More specifically, TCF-1 increases the expression of BCL-

2 and EOMES to enhance Tpex cell survival97, increases BCL-6 expression to maintain 

Tpex cell stemness130, and inhibits Blimp-1 expression to enhance the expression of 

memory genes (Ccr7, Il7ra, Sell, Cxcr5)130. When TCF-1 is overexpressed in CD8+ T 

cells, there is an overall increase in exhausted T cell function, and thus increased viral 

and tumor control. TCF-1 overexpression reprogrammed exhausted T cells to adopt 

phenotypic and functional features of Tpex cells through increasing accessibility of genes 

associated with effector function (Foxo1, Zeb2, Id3, Eomes)133 and decreasing 

accessibility of Prdm1 (Blimp-1) and Bcl2l11 (BIM) loci132. Furthermore, overexpression 

of TCF-1 promotes the formation of Tpex cells in both chronic viral infections and cancer44, 

97, 98, 132, 133. Similarly to chronic viral infections, TCF-1 expression in tumors is exclusively 

associated with the Tpex population52, 104, 111, 134. Moreover, the presence of intratumoral 

TCF-1+ CD8+ T cells has a positive correlation with responses to ICB therapy, 

progression-free survival, and overall survival of cancer patients111, 135. Together, further 

elucidating how TCF-1 supports stem-like functions of exhausted CD8+ T cells will help 
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improve therapeutic strategies. Importantly, the interplay between TCF-1 and other 

regulators in programming exhausted T cell stemness is poorly described. Since TCF-1 

binding sites do not necessarily have TCF-1 consensus binding motifs, it has been 

suggested that TCF-1 can be indirectly recruited to chromatin by other transcriptional 

regulators58. Therefore, identifying proteins that enhance TCF-1 binding and/or activity in 

exhausted T cells will improve our understanding of how the differentiation of these cells 

is regulated, which has important clinical implications.  

Another critical regulator of exhausted T cell differentiation is TOX. Recent studies 

emphasize the role of TCF-1 as a fate-decision transcription factor in maintaining Tpex 

cells during chronic infections, but they also highlight TOX as further imprinting the 

dysfunctional epigenetic program in exhausted T cells. TOX is a transcription factor that 

epigenetically programs exhausted T cell fate commitment early during chronic infections, 

with roles in regulating both induction and maintenance of exhaustion125, 126, 127, 136, 137. 

TOX levels are induced by NFAT transcription factors downstream chronic TCR signaling, 

with the highest levels in exhausted T cells and low levels in effector and memory 

subsets127, 136. Throughout the progression towards terminal exhaustion, there is a 

transition from high TCF-1 expression to high TOX expression, which defines exhausted 

subsets128140. TOX promotes T cell exhaustion through chromatin remodeling at 

promoters and enhancers of various genes; TOX decreases the accessibility of genes 

associated with terminal effector functions (Klrg1, Gzma, Gzmb, Zeb2, Nr4a1) and 

increases the accessibility of exhaustion-specific genes (Pdcd1, Cd38, Lag3, Ctla4,Tcf7, 

Bach2)127. This TOX-driven epigenetic regulation is achieved in part through acetylation 

of histone H3 and H4, as well as global DNA methylation138. Although TOX is critical for 
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the formation of exhausted T cells and their terminal differentiation in chronic viral 

infections and cancer, deleting TOX results in increased immunopathology to the host126. 

Thus, the exhausted phenotype TOX induces is important for lessening tissue damage 

from overactive T cells during chronic infection126. Without TOX, exhausted T cells are at 

very low frequencies, with decreased inhibitory receptor expression, increased 

cytotoxicity and decreased Tpex cell differentiation126, 127. Of note, TOX is not required for 

effector or memory T cell differentiation, as without TOX, both of these subsets are 

generated during acute infection. TOX has a similar role in promoting exhaustion in tumor-

infiltrating lymphocytes (TILs), as TOX expression in TILs positively correlates with 

markers of exhaustion and TOX-deficient TILs have an inhibited exhaustion program in 

both phenotype and function125, 127, 139.  

Exhausted T cells are a distinct cell type from effector and memory T cells, with 

unique epigenetic and transcriptional programs driving their fate commitment. The 

regulatory network promoting initial epigenetic events in exhausted T cells is still not well 

characterized, especially proteins that function alongside TCF-1 and TOX. Currently, the 

fixed epigenetic state of exhausted T cells is a large hurdle to current immunotherapies, 

with limited responses in patients. Therefore, a better understanding of the epigenetic 

regulators of exhausted T cell differentiation will reveal new targets and therapeutic 

opportunities against chronic viral infections and cancers. 

1.3.5: Immunotherapies  

The dysfunctional response of exhausted T cells prevents effective immunological 

control of chronic viral infections and cancers in both animal models and human 

diseases140, 141. As a result, current therapeutic strategies against chronic infections are 
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aiming to reinvigorate exhausted T cells. The discovery and use of immunotherapies, 

particularly immune checkpoint inhibitors and adoptive T cell transfers, have 

revolutionized the treatment of chronic infections. However, the majority of patients still 

fail to respond, requiring further investigation into improving current or discovering new 

immunotherapies. Current immunotherapies are unable to fully restore the function of 

exhausted T cells because the fixed epigenetic state of exhaustion prevents reversion of 

these cells into fully functional effector or memory T cells44, 93, 142, 143. Given this major 

efficacy limitation, it is critical to better understand exhausted T cell differentiation in 

hopes of redirecting T cells away from this dysfunctional cell fate. With this in mind, 

researchers are now combining current immunotherapy strategies with the modulation of 

transcriptional and epigenetic regulators of exhausted T cells. 

T cell function is tightly controlled by co-inhibitory molecules, serving as intrinsic 

regulatory mechanisms that prevent overactive immune responses. The expression of 

co-inhibitory receptors on effector T cells ensures their effective contraction after antigen 

clearance and maintain self-tolerance in the context of autoimmune diseases. However, 

they are constitutively expressed on T cells during chronic viral infections and cancers, 

exacerbating exhaustion and dampening effector T cell responses. Some of the well-

studied co-inhibitory molecules on exhausted T cells include PD-1, CTLA-4, LAG3, and 

Tim-3144, 145. To improve anti-viral and anti-tumor T cell responses by reinvigorating 

exhausted T cells, these negative regulators are clinically targeted through various 

immunotherapies termed immune checkpoint inhibitors (ICIs). ICIs work by interrupting 

the inhibitory signals of endogenous T cells, thus reinvigorating T cell immune 

responses146, 147. Initial immunotherapies directed against PD-1 and CTLA-4 had amazing 
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efficacy in patients with melanoma, and then subsequently in several other cancers148, 

149. Despite these successes, many patients still fail to respond, and several types of solid 

tumors are resistant to ICI therapies150. One explanation for the brief re-expansion of T 

cells in chronically infected patients after ICI therapy is the fixed epigenetic state of 

exhausted T cells. After either ICI therapy or antigen clearance, exhausted T cells revert 

back to their exhausted state with little to no changes in global chromatin accessibility 

and gene transcription44, 94, 109, 116, 119, 120, 142, 143. This suggests the functional defects of 

exhausted T cells are imprinted and their epigenetic state is “scarred”, emphasizing the 

inability of ICIs to sufficiently rewire exhausted T cells. Since T cells entering late stages 

of exhaustion do not respond as well to therapeutic intervention as those at earlier stages, 

finding strategies to interrupt the exhaustion program early may be most effective in 

improving immunity to chronic viral infections and cancers. Additionally, combining ICIs 

with epigenetic modulation may help reprogram T cells away from the exhausted fate, 

allowing for more durable and effective reinvigoration of these cells.  

Understanding the differentiation of exhausted T cells is also critical for another 

therapeutic strategy, genetically engineered chimeric antigen receptor (CAR) T cells. The 

use of these adoptively transferred CAR-T cells has transformed therapy for patients with 

cancers refractory to ICIs151, 152. Unlike using ICIs to block negative signaling in 

endogenous T cells, CAR-T cells are autologous T cells with precise antigen-specificity 

for that patient’s malignancy. For example, using CAR-T cells in patients with CD19-

expressing B cell malignancies has high clinical response rates, with some patients 

experiencing cure153, 154. However, just like with ICIs, the disease relapse of CAR-T cell 

therapy remains a challenge for clinicians and researchers. As with endogenous T cells 
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experiencing chronic antigen stimulation, CAR-T cell responses are limited as they enter 

the exhaustion differentiation program and ultimately become terminally differentiated155, 

156. Thus, similar approaches are being investigated where CAR-T cell therapy is 

combined with both ICIs and epigenetic modifications in hopes of preventing terminal 

exhaustion differentiation early on during therapy.  

Given the fixed epigenetic state of exhausted T cells, the use of epigenetic and 

transcriptional modifiers for preventing terminal exhaustion has become more enticing. 

As mentioned previously, the state of exhaustion is enforced by a network of 

transcriptional regulators and a “scarred” epigenetic program. This epigenetic 

reinforcement of exhaustion limits overactivation of effector T cells and immune pathology 

during immune responses, but as such, prevents effective T cell responses to chronic 

viral infections and cancer. Using epigenetic modifiers to prevent exhaustion requires 

complete understanding of the stages of T cell differentiation during chronic infections, in 

hopes of identifying when T cells become committed to the exhausted fate. A promising 

new use of epigenetic modifiers is in combination with CAR-T cells. For example, when 

DNMT3A, an epigenetic reinforcer of exhaustion-specific DNA methylation, was deleted 

in CAR-T cells prior to adoptive transfer, these CAR-T cells had preserved functional 

capacity with improved proliferation, cytokine production and an overall increase in anti-

tumor ability157, 158.  

Together, the clinical efficacy of the aforementioned immunotherapies relies on 

developmental plasticity of the antigen-specific T cells. Previous works highlighting the 

fixed state of terminally exhausted T cells emphasize the need for immunotherapies that 

prevent T cells from initially entering the terminal exhaustion differentiation trajectory. One 
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such strategy is epigenetically reprogramming T cells prior to the induction of exhaustion, 

which has shown some success in combination with other immunotherapies. However, a 

more complete characterization of the molecular mechanisms driving the differentiation 

of exhausted T cells is required to improve upon both immunotherapies and overall 

responses of patients with chronic infections.  

1.4 HMGB2 overview 

HMGB2 is a member of the High Mobility Group (HMG) superfamily, which are 

non-histone nuclear proteins that modulate chromatin to regulate many genomic 

processes. HMGB proteins bind DNA, impacting the accessibility of chromatin and 

therefore regulating replication, transcription, chromatin remodeling, and DNA repair. In 

doing so, HMGB proteins are critical regulators of many cellular programs, including 

senescence and self-renewal. Despite the myriad of research into the HMGB protein 

family, the majority of studies have focused on HMGB1, a closely related family member 

of HMGB2. Therefore, although HMGB2 is important in regulating many biological 

processes through chromatin remodeling, nothing is known of its role in adaptive immune 

responses, and its role in CD8+ T cells has not been investigated. 

1.4.1: Structure 

In mice and humans, there are three canonical HMGB proteins: HMGB1, HMGB2 

and HMGB3159. HMGB proteins are evolutionary conserved with more than 80% identity 

shared in both structure and amino acid sequence159, 160. HMGB1-3 all have a molecular 

mass of ~25 KDa, with the only major difference being the lengths of their acidic C-tails161. 

In addition to their C-tails, HMGB proteins also consist of a short N-terminal region and 

have two DNA-binding domains, referred to as HMG-box A and B. HMGB proteins are 
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able to both bind and bend DNA with their HMG-boxes, but do so without DNA sequence 

specificity162. There is another subgroup of proteins within the HMGB family that only have 

one DNA-binding domain and are able to recognize specific DNA sequences (such as 

TCF-1/LEF1 and TOX)159. Despite the high degree of homology between HMGB1-3, 

these family members have different secondary structures and are non-redundant. In 

studies with Hmgb1-/- mice, the loss of HMGB1 cannot be substituted with endogenous 

HMGB2 expression and these mice die shortly after birth, suggesting these two proteins 

have distinct functional roles163, 164.  

1.4.2: Function 

HMGB proteins modulate chromatin structure through direct DNA binding, 

influencing the binding of other regulatory proteins and impacting various genomic 

processes, including transcription and DNA repair (Fig. 1.6). HMGB proteins do not bind 

DNA in a sequence specific manner but have high affinity for noncanonical DNA 

structures. HMGB1 and HMGB2 preferentially bind DNA that is single-stranded, bent, 

unwound, cruciform, and/or supercoiled159, 165, 166, 167, 168, 169. In addition to binding DNA, 

HMGB proteins can also interact with histone proteins to influence chromatin structure. 

Through binding DNA and histones, HMGB proteins are able to influence the binding of 

transcription factors. The ability of HMGB proteins to bend DNA also influences the 

activity of gene promoters as altering DNA structure changes the proximity of regulatory 

regions and/or transcription factors170, 171. Enhancing DNA flexibility can also promote 

additional interactions between transcription factors bound on distant regulatory regions. 

Not only are HMGB proteins able to influence transcription factor binding through 

modifying chromatin structure, but they also directly bind transcription factors and can 
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Figure 1.6 Mechanisms of gene regulation by HMGB2. 
A model depicting regulatory roles of HMGB2 as an architectural factor in transcription. 
(a) HMGB2 bends DNA to enhance binding of a TF without direct interactions with 
HMGB2. (b) HMGB2 interacts with a TF and directs it to its binding site. (c) HMGB2 
interacts with histone proteins to influence chromatin structure and accessibility. (d) 
HMGB2 enhances DNA flexibility by looping and influences the relative locations of 
regulatory sequences. Abbreviations: TF, transcription factor.  
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bring them closer to their binding sites. Other known proteins that HMGB1 and HMGB2 

directly interact with include DNA repair proteins, recombination proteins, transcriptional 

activators/repressors, and viral proteins162.  

Since HMGB proteins act as chromatin modifiers, they are implicated in regulating 

various biological processes. HMGB2 is an important regulator of cellular senescence, a 

process where the cell cycle is stopped and which is directly influenced by alterations in 

chromatin structure. Through direct binding to senescence-specific genes and 

reorganization of the three-dimensional structure of chromatin, HMGB2 was shown to 

prime cells for the senescence program172. The role of HMGB2 in stem cells and various 

differentiation processes have also been characterized. In neuronal stem cells, HMGB2 

expression is strongly associated with their transition from quiescence to robust 

proliferation173. HMGB2 also directly regulates hematopoietic stem cells (HSCs), which 

provide the long-term production of both white and red blood cells. Through binding to the 

promoter of latexin, a negative regulator of HSCs in mice, HMGB2 represses its 

transcription and thus promotes HSC number, survival, self-renewal, and proliferation174. 

Similarly, HMGB2 regulates stem cells involved in other differentiation programs, 

including myogenesis, spermatogenesis, and neurogenesis175, 176, 177. Consequently, 

male mice lacking HMGB2 have reduced fertility176. Finally, HMGB1 and HMGB2 regulate 

V(D)J recombination, a critical process in the development of the adaptive immune 

system. V(D)J recombination results in diverse antigen-binding regions of 

immunoglobulins and TCRs found on B cells and T cells, respectively, and is initiated by 

the activity of RAG1 and RAG2 proteins. By directly interacting with RAG proteins, 

HMGB1 and HMGB2 enhance their activity and thus V(D)J recombination both in vitro 
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and in vivo178, 179, 180, 181. Importantly, despite HMGB2’s critical role in promoting this 

process, mice lacking HMGB2 have normal immunoglobulin serum concentrations, 

normal numbers of both B and T cells, and normal development and structure of the 

thymus, the organ responsible for producing T cells and where V(D)J recombination of 

TCRs occurs176. Therefore, HMGB1 and HMGB2 have redundant roles in both V(D)J 

recombination and overall lymphocyte development.  

1.4.3: Expression and Localization 

HMGB proteins are the second most abundant proteins in the nuclei of mammalian 

cells, behind histones162, 182. Despite being ubiquitously expressed in the nucleus, HMGB 

proteins can be found in the cytoplasm and/or extracellularly depending on post-

translational modifications183, 184. In mice, HMGB1-3 are expressed early during 

embryogenesis, with HMGB2 and HMGB3 being redundant to HMGB1 only during this 

time184. During embryonic development, both HMGB2 and HMGB3 are downregulated, 

and as such, Hmgb1-/- mice die shortly after birth161, 163, 185. In contrast, Hmgb2-/- mice are 

viable. In adult mice, HMGB2 is highly expressed in the lymphoid tissues, thymus, and 

testes176, 184. Similar expression of HMGB2 in lymphoid organs is seen in humans, with 

biased expression in the bone marrow186, 187. Additionally, HMGB2 is expressed in all 

human and mouse immortalized cells. More recently, elevated HMGB2 expression has 

been characterized in various tumors, with both HMGB1 and HMGB2 expression being 

positively correlated with head and neck squamous cell carcinoma (HNSCC)188, breast 

cancer189, 190, colorectal cancer191, gastric cancer192, ovarian cancer193, and lung 

cancer194. 
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In summary, HMGB proteins are critical regulators of global chromatin architecture, 

influencing transcription, replication, and DNA repair. However, there has been much less 

characterization of the expression and function of HMGB2 compared to HMGB1. 

Therefore, future studies are required to delineate the relationships between HMGB2 

binding and chromatin architecture, transcription factor localization, gene expression, and 

function.   
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ABSTRACT 

 CD8+ T cells are critical for mounting adaptive immune responses against 

pathogenic infections and cancers. During acute viral infections, cytotoxic effector CD8+ 

T cells are able to clear pathogens, with a small proportion differentiating into memory 

CD8+ T cells, which are essential for protective immunity to reinfections. However, the 

mechanisms underlying memory T cell differentiation and function are not fully known. 

Here we report HMGB2 expression is essential for memory precursor effector T cell 

(MPEC) survival, central memory T cell (Tcm) formation, and memory recall responses 

to secondary infections. ATAC-sequencing analysis showed HMGB2 as a cell-intrinsic 

epigenetic regulator of memory T cell function and survival. Despite Hmgb2-/- CD8+ T cells 

expressing TCF-1, this master regulator was unable to sustain Tcm differentiation, 

survival, and recall capacity after acute viral infection. Furthermore, HMGB2 is not 

required for functional effector CD8+ T cell differentiation. Our findings show that HMGB2 

is a key regulator of memory CD8+ T cells and may have implications for secondary 

infections. 
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INTRODUCTION 

CD8+ T cells are essential for mounting protective immune responses against 

pathogens. In response to acute viral infections, naïve CD8+ T cells are activated and 

differentiate into a pool of cytotoxic effector CD8+ T cells195. These fully differentiated 

effector T cells are essential for mounting protective immune responses against the 

pathogen and for clearing the infection. After clearance, a fraction of these antigen-

specific effector T cells survive and differentiate into memory CD8+ T cells196. Memory T 

cells are unique in that they are antigen-specific, can self-renew, and provide long-term 

immunity. Compared to naïve T cells, memory T cells can respond more quickly and with 

greater magnitude. The development of a functional memory T cell response is critical for 

rapid and efficient immune responses to subsequent infections. Furthermore, this 

efficient, long-term host protection conferred by memory T cells underlies the basis for 

vaccination197. 

Memory T cells are derived from memory precursor effector T cells (MPEC), a 

subset of effector T cells distinguished by high CD127 expression and low levels of KLRG-

1, which arise during the peak of acute viral infections21. This pool of effector T cells also 

contain a population of KLRG-1hiCD127lo short-lived effector T cells (SLEC) which have 

terminal effector functions and do not survive long-term after viral clearance198. The 

memory T cell pool can be further separated into central memory (Tcm), effector memory 

(Tem) and terminal-Tem (t-Tem) T cell populations, each with unique functions and 

localization199. The Tcm population is important for memory T cell function because it is 

responsible for providing recall responses to subsequent infections and its capacity to 

self-renew allows for the maintenance of a stable memory T cell pool long-term2, 26, 200. 
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This memory T cell-mediated recall response is faster and higher in magnitude compared 

to the primary effector T cell response, conferring enhanced protection upon re-

encountering the same antigen. 

Given the heterogeneity within the effector and memory T cell pools, it has become 

evident that CD8+ T cell differentiation during acute infections is dictated by a diverse and 

dynamic network of transcriptional regulators. Several transcription factors have been 

linked to effector T cell formation, including T-bet, Blimp-1, ZEB2, STAT4, and ID28, 201, 

202, 203, 204, 205, 206. For effective differentiation of memory T cells following acute infection, 

the transcription factors EOMES, BCL-6, FOXO1, STAT3, ID3 and TCF-1 are required11, 

43, 45, 47, 55, 207, 208, 209. Recently, TCF-1 has been identified as the critical transcription factor 

for the longevity and recall capacity of Tcm cells. Specifically, TCF-1 creates a 

transcriptional program in memory T cells that supports the rapid proliferation and 

response of Tcm cells to secondary pathogen challenge60, 133. Despite numerous studies 

identifying fundamental transcription factors for memory T cell differentiation, the 

complete regulatory network remains unknown. 

HMGB2 is a DNA-binding protein that belongs to the HMG transcription factor 

family. It is a chromatin modifier that regulates gene transcription and transcription factor 

binding159, 210, 211. HMGB2 also has known roles in regulating the formation and function 

of stem cells in various differentiation programs, including myogenesis, spermatogenesis, 

and neurogenesis175, 176, 177. Previous RNA-sequencing analyses have found increased 

Hmgb2 expression in murine effector CD8+ T cells during acute lymphocytic 

choriomeningitis virus (LCMV) infection212, although its role in CD8+ T cells has not been 

examined. Here, we investigated the role of HMGB2 in regulating effector and memory T 
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cell differentiation and function during acute LCMV infection. Using Hmgb2-/- virus-specific 

CD8+ T cells, we found that HMGB2 deficiency did not impact effector T cell formation or 

function but resulted in decreased memory T cell differentiation and maintenance. More 

specifically, Hmgb2-/- MPECs had increased apoptosis and the differentiation of Hmgb2-

/- Tcm cells was decreased. Furthermore, Hmgb2-/- memory T cells had impaired recall 

capacity to secondary viral challenge. We found a distinct epigenetic signature in 

HMGB2-deficient CD8+ T cells compared to WT CD8+ T cells during acute infection, 

indicating HMGB2 supports memory T cell-specific transcriptional programming. In 

summary, we found that HMGB2 plays a critical role in the formation, maintenance, and 

function of memory CD8+ T cells following acute viral infection. We speculate HMGB2 

may be exploited as a potential therapeutic target, through which we may leverage the 

memory T cell population and contribute to vaccine and immunotherapy development.  
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MATERIALS AND METHODS 

 

Mice 

All experimental animal procedures were approved by the Institutional Animal Care and 

Use Committee of University of California, Irvine (AUP-21-124) and complied with all 

relevant ethical regulations for animal testing and research. C57BL/6J and B6.SJL-Ptpra 

Pepcb/BoyJ mice were purchased from the Jackson Laboratory, then bred in SPF 

facilities. P14 mice were obtained from The Scripps Research Institute (originally from Dr. 

Charles D. Surh). These mice were bred to Ly5.1 (B6.SJL-Ptprca Pepcb/BoyJ) mice and 

to Hmgb2-/- mice, which were generously provided by Dr. Marco Bianchi (San Raffaele 

Scientific Institute, Milan, Italy). Male and female mice ≥ 6 weeks of age were used in 

experiments. Mouse selection for experiments was not formally randomized or blinded. 

 

Virus Infection 

LCMV Armstrong (Arm) was propagated in baby-hamster kidney cells and titrated on Vero 

African-green-monkey kidney cells. Frozen stocks were diluted in Vero cell media and 

2x105 plaque-forming units (PFUs) of LCMV Arm were injected intraperitoneally (i.p.).  

 

T cell Adoptive Transfer 

Bulk CD8+ T cells were enriched from spleens and lymph nodes (LNs) of WT (Hmgb2+/+) 

or Hmgb2-/- P14 transgenic mice by column-free magnetic negative selection. Single cell 

suspensions from pooled spleen and LNs were incubated with biotinylated antibodies 

against CD4 (GK1.5), B220 (RA3-6B2), CD19 (6D5), CD24 (M1/69), CD11b (M1/70), and 
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CD11c (N418). Non-CD8+ cells were removed by mixing labeled cell suspension with 

Streptavidin RapidSpheres (Stemcell technologies) at room temperature (RT) for 5min, 

followed by two-5min incubations in an EasyEights™ EasySep™ Magnet (Stemcell 

technologies). The unbound CD8+ T cells were washed in sterile PBS (1x) with FBS (2%), 

and purity was determined on a flow cytometer. For single-transfer studies, WT and 

Hmgb2-/- P14 T cells were transferred into separate new WT hosts of the opposite 

congenic marker (1x103 i.v.). For co-transfer studies, WT and Hmgb2-/- P14 T cells were 

mixed at a 1:1 ratio (1x103 i.v. per cell-type for virus studies) and injected into new WT 

recipient mice i.v. Within 18-24hr post-transfer, recipient mice were inoculated with LCMV 

Arm (2x105, i.p.). For re-challenge experiments, live (PI-) WT and Hmgb2-/- P14 T cells 

were sorted at >95% purity from spleens and LNs at 30dpi or 68dpi using a BD FACSAria 

sorter. Cell numbers were normalized and transferred into new hosts (2x103 i.v. per cell-

type) that were subsequently infected with LCMV Arm (2x105 PFU, i.p.). 

 

Flow Cytometry 

For cell surface staining, 2x106 cells were incubated with antibodies in staining buffer 

(PBS, 2% FBS and 0.01% NaN3) at 4°C. For intracellular cytokine staining, cells were 

resuspended in complete RPMI-1640 (containing 10 mM HEPES, 1% nonessential amino 

acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated FBS and antibiotics) 

supplemented with 50 U/mL IL-2 (NCI) and 1 mg/mL brefeldin A (BFA, Sigma), and then 

incubated with 2mg/mL LCMV GP33-41 peptide (AnaSpec) at 37°C for 4h. Cells were then 

fixed and permeabilized using a Cytofix/Cytoperm Kit (BD Biosciences) before staining. 

For intranuclear transcription factor staining, cells were fixed and permeabilized using a 
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Foxp3/transcription factor fixation/permeabilization kit (Fisher). Antibodies are listed in 

Star Methods. Surface stains were performed at a 1:200 dilution, while intracellular and 

intranuclear stains performed at a 1:100 dilution. Caspase3 staining was done using 

CaspGLOW Fluorescein Active Caspase-3 staining kit (ThermoFisher) following 

manufacturer’s instructions. All data were collected on a Novocyte3000 (Agilent) and 

analyzed using FlowJo Software (Tree Star).  

 

Imaging Flow Cytometry 

For imaging flow cytometry, negative selection was performed (above) to isolate CD8+ T 

cells and cells were stained as described previously. Zombie staining was done using 

Zombie Aqua™ Fixable Viability Kit (BioLegend) as outlined by manufacturer’s 

instructions. 7-ADD (Fisher) was used to stain nuclei per manufacturer’s instructions. 

Cells were resuspended at 2x107 cells/mL and run on an Amnis ImageStream X Mark II 

imaging flow cytometer (EMD Millipore) and analyzed using IDEAS software (EMD 

Millipore). 

 

In Vivo Proliferation 

Mice were injected i.p. with 2mg BrdU (Sigma-Aldrich) 16h before removing spleens at 

8dpi to measure proliferation. Cells were stained intracellularly using FITC BrdU Flow kit 

(BD Biosciences) following the manufacturer’s instructions. Cells were acquired with a 

Novocyte3000 flow cytometer. 

 

Comet Assay 
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Co-transferred live (PI-) WT and Hmgb2-/- P14 T cells were sorted at >95% purity from 

spleens and LNs of LCMV Arm infected mice at 8dpi using a BD FACSAria sorter. U2OS 

cells were cultured in DMEM supplemented with 10% fetal bovine serum, 1% L-

Glutamine, and 1% penicillin/streptomycin. Single-cell alkaline gel electrophoresis was 

performed with comet assay Kit (Abcam) following manufacturer’s instructions. Images 

were captured using a Leica DMi8 THUNDER microscope. Comet olive tail moments of 

100 cells were analyzed using CometScore software version 2.0.0.38. 

 

Western Blot 

Co-transferred live (PI-) WT and Hmgb2-/- P14 T cells were sorted at >95% purity from 

spleens and LNs of LCMV Arm infected mice at 8dpi using a BD FACSAria sorter. Cells 

were lysed and blots were stained for Phospho-H2AX (Ser139) (1:1000) and Histone H3 

(1:140000). 

 

Bulk RNA-Seq RNA Isolation and Library Preparation 

For 8dpi studies, WT and Hmgb2-/- P14 T cells were transferred into five separate mice 

each before infection with LCMV Arm. On 8dpi, spleens and LNs were pooled based on 

infection type and P14 genotype. Live (PI-) WT and Hmgb2-/- P14 were sorted at >95% 

purity (8dpi:~1x106 per condition) and resuspended in RLT Buffer and BME before 

storage at -80°C. Each experiment was performed three times to represent three 

biological replicates. Total RNA was monitored for quality control using the Agilent 

Bioanalyzer Nano RNA chip and Nanodrop absorbance ratios for 260/280nm and 

260/230nm. Library construction was performed according to the Illumina TruSeq mRNA 
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stranded protocol. The input quantity for total RNA within the recommended range and 

mRNA was enriched using oligo dT magnetic beads. The enriched mRNA was chemically 

fragmented. First strand synthesis used random primers and reverse transcriptase to 

make cDNA. After second strand synthesis the ds cDNA was cleaned using AMPure XP 

beads and the cDNA was end repaired and then the 3’ ends were adenylated. Illumina 

barcoded adapters were ligated on the ends and the adapter ligated fragments were 

enriched by nine cycles of PCR. The resulting libraries were validated by qPCR and sized 

by Agilent Bioanalyzer DNA high sensitivity chip. The concentrations for the libraries were 

normalized and then multiplexed together. The multiplexed libraries were sequenced 

using paired end 100 cycles chemistry on the NovaSeq 6000. 

 

Bulk RNA-Seq Data Analysis 

Post-processing of the run to generate FASTQ files was performed at the Institute for 

Genomics and Bioinformatics (UCI IGB). PcaHubert was used to identify any outlier 

samples, which were removed from further analysis213. The quality of the sequencing was 

first assessed using the fastQC tool (v0.11.9). Raw reads were then quality trimmed and 

filtered by a length of 20 bases using trimmomatic (v0.39). Trimmed reads were analyzed 

with the mouse Grcm38 reference genome using pseudo aligner Salmon (v1.2.1) and 

resulting quantification files were imported using R package tximport to get TPM values 

for all annotated mouse genes. Differential analysis was done using R package DESeq2 

(v1.22.2) with an FDR cut off of 0.05. PCA was done using R packages DESeq2 and 

pheatmap. For downstream analysis, genes with adjusted p-value ≤ 0.1 and |log2FC| ≥ 
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0.5 were included. Gene ontology functional enrichment of gene expression changes in 

WT and Hmgb2-/- P14 T cells were performed using Metascape (http://metascape.org). 

 

ATAC-Seq Library Preparation 

WT and Hmgb2-/- P14 T cells were co-transferred at 1:1 into 10 mice before infection with 

LCMV Arm. On 8dpi, spleens and LNs were pooled (samples are pooled from 

10mice/group). Live (PI-) WT and Hmgb2-/- P14 were sorted at >95% purity (2x105 WT, 

2x105 Hmgb2-/-). Each experiment was performed three times to represent three 

biological replicates. Following the Omni-ATAC protocol, samples were lysed in lysis 

buffer (10mM Tris-HCl (pH 7.4), 10mM NaCl, 3mM MgCl2, 10% Np-40, 10% Tween, and 

1% Digitonin) on ice for 3 minutes214. Immediately following lysis, nuclei were spun at 

500g for 10min at 4°C to remove supernatant. Nuclei were then incubated with Tn5 

transposase for 30min at 37°C. Tagmented DNA was purified using AMPure XP beads 

and PCR was performed to amplify the library under the following conditions: 72°C for 

5min; 98°C for 30s; 5 cycles of 98°C for 10s, 63°C for 30s, and 72°C for 1min; hold at 

4°C. Libraries were then purified with warm AMPure XP beads and quantified on a 

Bioanalyzer. Libraries were multiplexed and sequenced to a depth of 50million 100bp 

paired reads on a NextSeq. 

 

ATAC-Seq Data Analysis 

Paired ended reads from sequencing were QC analyzed with fastqQC (v.11.9) and 

aligned to mouse mm10 reference genome using bowtie2 (v2.4.1). Mitochondrial reads 

and reads mapped to dark list (ENCODE Stanford version) were excluded from the 
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downstream analysis. Duplicated reads were removed using Picard tools (v2.27.1). A 

union peak list was created by merging processed reads from all samples and then calling 

peaks using MACS2 (v2.7.1) (-q 0.01 --keep-dup all -f BAMPE). The number of reads in 

each peak were then counted using featureCounts (Rsubread v2.6.4) to create a counts 

matrix. Normalization of counts matrix was performed using DESeq2 (v1.32.0). 

Differentially expressed peaks were determined using edgeR (v3.34.1) with an FDR cut-

off of 0.05 and a |log10FC| cut-off of ≥ 0.3. Peaks were annotated using ChIPSeeker 

(v1.34.0). Functional enrichment of promoter regions was performed using Metascape 

(http://metascape.org). 

 

Quantification and Statistical Analysis 

Flow cytometry data were analyzed with FlowJo software (TreeStar). Bulk RNA-seq and 

ATAC-seq figures were prepared using RStudio software. Graphs were prepared with 

GraphPad Prism software. GraphPad Prism was used for statistical analysis to compare 

outcomes using a two-tailed unpaired Student’s t-test, Mann Whitney or paired Student’s 

t-test where indicated; significance was set to p ≤ 0.05 and represented as *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Error bars show SEM. 

 

Data and code availability  

The authors declare that all supporting data are available within the Article and its 

Supplementary Information files. 3’-scRNA-seq and ATAC-seq data sets will be deposited 

in the Gene Expression Omnibus (GEO) database.  
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RESULTS 

HMGB2 expression is upregulated and sustained in virus-specific CD8+ T cells 

Despite general characterization of HMGB2 expression in lymphoid tissues, the 

expression of HMGB2 in T cells had not been characterized. Therefore, we evaluated 

HMGB2 protein expression in naïve, effector, memory, and exhausted virus-specific CD8+ 

T cells. We infected wild-type (WT) mice with either LCMV Armstrong (Arm) or Clone 13 

(Cl13) to induce an acute or chronic viral infection, respectively, and measured HMGB2 

levels in MHC class I tetramer+ virus-specific CD8+ T cells. We detected HMGB2 

expression in naïve CD8+ T cells that was upregulated in GP33-41+ CD8+ effector and 

memory T cells (Fig. 2.1a). We observed upregulation of HMGB2 in early exhausted T 

cells (8dpi Cl13) that was sustained in late exhausted T cells (30dpi Cl13) (Fig. 2.1a). 

Furthermore, late exhausted GP33-41+ T cells had significantly increased HMGB2 

expression compared to naïve and memory T cells (Fig. 2.1a). We next evaluated 

HMGB2 levels in GP276-286+ CD8+ T cells, and again observed increased levels in effector, 

memory, and exhausted T cells compared to naïve, with sustained HMGB2 expression in 

late exhausted CD8+ T cells (Fig. 2.1b). Lastly, we evaluated HMGB2 localization in GP33-

41+ CD8+ T cells using imaging flow cytometry. We observed nuclear localization of 

HMGB2, as shown by HMGB2 and nuclear 7-AAD colocalization staining (Fig. 2.1c). 

These findings showed nuclear localization of HMGB2 in virus-specific CD8+ T cells, with 

increased expression in effector, memory, and exhausted CD8+ T cells that is sustained 

during chronic viral infection. 
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Figure 2.1 HMGB2 expression in murine virus-specific CD8+ T cells. 
Expression levels of HMGB2 in GP33-41+ CD8+ T cells (a) and GP276-286+ CD8+ T cells 
(b) assessed by flow cytometry in spleen with n = 4 mice. Naïve, uninfected; Effector, 
8dpi LCMV Arm; Memory, 30dpi LCMV Arm; Early Exhaustion, 8dpi LCMV Cl13; Late 
Exhaustion, 30dpi LCMV Cl13; MFI, mean fluorescence intensity. Data is mean ± s.e.m 
and representative of two independent experiments with ≥ 4 mice per group. (c) 
Representative Imagestream analysis of GP33-41+ CD8+ T cells, magnification, 60x. 
Data are representative of two independent experiments with ≥ 4 mice per group. **p≤ 
0.01, ***p ≤ 0.001, ****p ≤ 0.0001, one-way ANOVA (a-b). 
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Hmgb2-/- CD8+ T cells differentiate into effector and memory T cells during acute 

viral infection 

Considering the expression of HMGB2 was increased in effector and memory 

CD8+ T cells, we next determined the cell-intrinsic role of HMGB2 in virus-specific T cells 

during acute LCMV infection. Small numbers (1x103 cells) of congenically marked WT or 

Hmgb2-/- P14 CD8+ T cells, which are TCR transgenic T cells specific for the GP33-41 

peptide of LCMV, were adoptively transferred into separate congenically mismatched WT 

mice, which were then infected with LCMV Arm (Fig. 2.2a). A gating strategy for this 

approach is shown (Fig. S2.1a). We observed similar expansion, contraction, and 

memory CD8+ T cell formation of both WT and Hmgb2-/- P14 T cells throughout acute 

infection (Fig. 2.2b). Furthermore, similar frequencies and numbers of WT and Hmgb2-/- 

P14 T cells were found in spleens at 68dpi (Fig. 2.2c). We next evaluated functionality of 

WT and Hmgb2-/- P14 T cells by ex vivo GP33-41 peptide stimulation and observed similar 

frequencies of GranzymeB+ cells at 8dpi and IFN-g+ and IFN-g+TNF-a+ cells at 68dpi (Fig. 

2.2d, e). To investigate T cell responses within the same host, we next co-transferred 

small numbers (1x103 each) of congenically marked WT and Hmgb2-/- P14 T cells at a 

1:1 ratio into congenically mismatched WT mice, followed by Arm infection (Fig. 2.2f). 

Despite injection at a 1:1 ratio, we observed slightly decreased frequencies of Hmgb2-/- 

P14 T cells compared to WT (Fig. 2.2g). We also observed significantly decreased 

numbers of splenic Hmgb2-/- P14 T cells compared to WT at both 8 and 30dpi (Fig. 2.2h). 

These findings showed Hmgb2-/- CD8+ T cells expand after acute LCMV infection, and  
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Figure 2.2 Cell-intrinsic kinetics of WT and Hmgb2-/- P14 T cells during Arm 
infection. 
(a) Experimental scheme for b-c, e. WT and Hmgb2-/- P14 CD8+ T cells were 
transferred separately into naïve mice and infected with LCMV Arm. Blood taken at 8, 
15, 26, and 35dpi. Spleens isolated at 68dpi. (b) Frequency of WT and Hmgb2-/- P14 
T cells of total CD8+ population. (c) Splenic WT and Hmgb2-/- P14 T cell frequencies 
and numbers at 68dpi. (d) Frequencies of GranzymeB+ WT and Hmgb2-/- P14 T cells 
at 8dpi LCMV Arm in the blood. (e) Cytokine production by splenic WT and Hmgb2-/- 
P14 T cells at 68dpi. (f) Experimental scheme for g-h. WT and Hmgb2-/- P14 T cells 
were co-transferred at 1:1 into WT mice and infected with LCMV Arm. Frequencies (g) 
and numbers (h) of splenic WT and Hmgb2-/- P14 T cells at indicated timepoints post 
infection. Data are representative of three independent experiments with ≥ 5 mice per 
group. Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, two-tailed unpaired 
Student’s t-test (b-c, e), paired Student’s t-test (d, g-h). 
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although present at slightly lower frequencies than WT, survive to seed the memory T cell 

pool.  

HMGB2 regulates memory CD8+ T cell differentiation after acute infection 

We next evaluated the differentiation of Hmgb2-/- P14 T cells by examining KLRG-

1 and CD127 expression to delineate KLRG1hiCD127lo short-lived effector (SLEC) and 

KLRG1loCD127hi memory precursor effector cells (MPEC). At 8dpi, we observed 

decreased SLECs in Hmgb2-/- P14 T cells (Fig. 2.3a) and by 46dpi, we found significantly 

decreased frequencies of SLECs and increased frequencies of MPECs in Hmgb2-/- P14 

T cells (Fig. 2.3b). Since we found more Hmgb2-/- MPECs compared to WT but 

significantly less overall Hmgb2-/- memory T cell numbers (Fig. 2.2h), we investigated 

apoptosis within this population. We found Hmgb2-/- MPECs had significantly higher 

frequencies of total apoptotic cells by active Caspase3 and propidium iodide (PI) staining 

at both 8dpi and 46dpi (Fig. 2.3c, d). 

To further characterize the differentiation of memory Hmgb2-/- P14 T cells, we 

examined effector memory (Tem), central memory (Tcm) and terminal-Tem (t-Tem) T cell 

populations based on CD62L vs CD127 expression199. Hmgb2-/- P14 T cells had 

significantly lower frequencies of both Tcm and t-Tem cells, and increased frequencies of 

Tem cells compared to WT at 46dpi (Fig. 2.3e). Finally, to confirm the loss of Hmgb2-/- 

P14 T cells was not due to compromised development of naïve CD8+ T cells, we 

characterized naïve WT and Hmgb2-/- P14 T cells from spleens and lymph nodes of 

uninfected mice. We found no differences in expression of naïve T cell markers (CD127, 

CD62L, CCR7) or in frequencies of naïve vs activated T cells in lymph nodes (Fig. S2.2a, 

b) and spleens (Fig. S2.2c, d). We also found no differences in numbers of CD8+ T cells  
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Figure 2.3 Hmgb2-/- CD8+ T cells have decreased central memory differentiation 
after Arm infection. 
Frequencies of splenic WT and Hmgb2-/- P14 short-lived effector (SLEC) and memory 
precursor effector (MPEC) T cells in the blood at 8dpi (a) and 46dpi (b) Arm. Frequency 
of total Caspase3+ splenic WT and Hmgb2-/- SLEC and MPEC P14 T cells at 8dpi (c) 
and 46dpi (d) Arm. (e) Frequencies of WT and Hmgb2-/- P14 central memory (Tcm), 
effector memory (Tem) and terminal Tem (t-Tem) T cells at 46dpi Arm in the spleen. 
Data are representative of three independent experiments with ≥ 5 mice per group. 
Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, paired Student’s t-test. 
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between WT and Hmgb2-/- mice (Fig. S2.2e). Together, these findings showed that 

HMGB2 regulated the survival and differentiation of memory CD8+ T cells during acute 

viral infection. 

Hmgb2-/- CD8+ T cells have decreased survival during acute viral infection 

Since we found Hmgb2-/- CD8+ T cells were significantly decreased during acute 

viral infection, we next assessed whether there were differences in their proliferation 

and/or survival. We co-transferred WT and Hmgb2-/- P14 T cells at a 1:1 ratio into WT 

mice, followed by Arm infection. We first evaluated proliferation by in vivo BrdU 

incorporation and observed slightly decreased frequencies of BrdU+ Hmgb2-/- P14 T cells 

compared to WT at 8dpi Arm (Fig. 2.4a). Next, we evaluated survival by active Caspase3 

and PI staining and observed increased frequencies of total Caspase3+ apoptotic Hmgb2-

/- P14 T cells compared to WT at 8dpi Arm (Fig. 2.4b). We also found increased 

frequencies of total Caspase3+ apoptotic Hmgb2-/- P14 T cells at 46dpi Arm (Fig. 2.4c). 

We next asked whether the increased apoptosis of Hmgb2-/- P14 T cells was due to 

differences in DNA repair compared to WT cells. Using a comet assay to measure DNA 

damage215, we found no significant differences between WT and Hmgb2-/- P14 T cells 

during Arm infection (Fig. 2.4d). We also looked at phosphorylated-H2AX (Ser139), a 

marker of DNA damage216, and again found no differences between WT and Hmgb2-/- 

P14 T cells during Arm infection (Fig. 2.4e). These findings showed Hmgb2-/- CD8+ T 

cells had decreased proliferation and survival compared to WT during acute viral infection 

and did not show signs of DNA damage by 8dpi. 
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Figure 2.4 Hmgb2-/- CD8+ T cells have decreased proliferation and increased cell 
death. 
WT and Hmgb2-/- P14 T cells were co-transferred at 1:1 into WT mice, followed by 
LCMV Arm infection. (a) BrdU uptake of splenic WT and Hmgb2-/- P14 T cells at 8dpi. 
Caspase3 and PI staining of P14 T cells at 8dpi (b) and 46dpi (c) in the spleen. (d) 
Alkaline comet assay of splenic WT and Hmgb2-/- P14 T cells isolated on 8 days post 
Arm infection (pooled samples from 10mice/group). Representative fluorescent comet 
images of cells stained with Vista Green DNA dye. U2OS human cells treated with 
etoposide (10µM for 30min), a topoisomerase II inhibitor used to generate DNA 
double-strand breaks in cells, served as controls for comet tail formation. (e) p-H2AX 
(Ser139) protein expression by western blot in purified splenic WT and Hmgb2-/- P14 
T cells isolated on 8 days Arm infection (pooled samples from 10mice/group). U2OS 
human cells untreated or treated with 25µM etoposide for 60min served as negative 
and positive controls, respectively. Data are representative of three independent 
experiments with ≥ 5 mice per group. Data is mean ± s.e.m. **p ≤ 0.01, ****p ≤ 0.0001, 
paired Student’s t-test. 
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HMGB2 regulates the chromatin accessibility of memory genes during Arm 

infection 

Since we found a role for HMGB2 in memory CD8+ T cells, and HMGB2 is a 

chromatin modifier, we next investigated whether HMGB2 regulated the transcriptional 

landscape of virus-specific T cells. We performed RNA-sequencing of sorted WT and 

Hmgb2-/- P14 T cells from Arm infected mice at 8dpi. Overall, we observed relatively few 

differentially expressed genes (DEG) between WT and Hmgb2-/- P14 T cells during Arm 

infection. During Arm infection, analysis of DEG between WT and Hmgb2-/- P14 T cells 

showed a total of 125, with 38 upregulated and 87 downregulated genes in Hmgb2-/- P14 

T cells (Fig. S2.3a, b). 

Since HMGB2 has a well-characterized role in chromatin remodeling, we next 

asked whether HMGB2 regulates the epigenetic program of virus-specific T cells during 

acute viral infection. We sorted WT and Hmgb2-/- P14 T cells from mice at 8dpi Arm and 

used ATAC-seq to identify significant changes in chromatin accessibility in the absence 

of HMGB2. PCA of the ATAC-seq profiles segregated WT and Hmgb2-/- P14 T cells 

across PC1 (90% variance), indicating that Hmgb2 has a significant effect on chromatin 

accessibility (Fig. 2.5a). We found 5,610 differentially accessible regions (DAR), with 

most having decreased accessibility in Hmgb2-/- P14 T cells compared with WT (Fig. 

2.5b). Genomic annotation showed about 17.7% of these accessibility changes were at 

promoters (≤1kb) or transcription start sites (TSS) (Fig. 2.5b). The genes in close 

proximity to loci with reduced accessibility in Hmgb2-/- P14 T cells were associated with 

memory T cells and stem-like function, including Eomes, Foxo1, Bach2, Runx3, and Bcl6 

(Fig. 2.5c, d)217. In contrast, loci with increased accessibility were near genes associated  
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Figure 2.5 Epigenetic programming of memory T cell signature genes by 
HMGB2. 
ATAC-seq analysis of WT and Hmgb2-/- P14 T cells at 8dpi LCMV Arm. (a) Principal 
component analysis (PCA) of all samples by global chromatin accessibility profile. (b) 
Location of significantly differentially accessible ATAC-seq peaks (FDR ≤ 0.05, 
|log10FC| ≥ 0.3). (c) Heatmap of all significantly differentially accessible loci (DAR). 
Numbers on left denote number of DAR. Each column represents a biological replicate 
of n = 10 mice pooled. (d) ATAC-seq tracks of genes associated with effector and 
memory T cells. DAR are highlighted with grey bars. (e) Heatmap of DAR within 
promoters-TSS (≤1kb). Each column represents a biological replicate of n = 10 mice 
pooled. (f) Gene ontology (GO) biological process enrichment from Metascape of DAR 
within promoters-TSS (≤1kb) from e. 
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with effector T cells and apoptosis, including Batf, Jak2, and Casp3 (Fig. 2.5c, d)217. We 

observed a similar trend when looking at promoters-TSS (≤1kb) containing DAR. 

Promoters of genes associated with memory T cells had reduced accessibility in Hmgb2-

/- P14 T cells (Foxp1, Runx1, Stat1)217, 218, 219, while promoters of terminal effector T cell 

genes were more accessible (Stat3, Ctla4, Lag3) (Fig. 2.5e)1.  

To further characterize genes associated with DAR at promoters-TSS (≤1kb), we 

performed pathway enrichment. Genes with increased accessibility at promoters in 

Hmgb2-/- P14 T cells showed significant enrichment for GO terms associated with (i) 

tumor necrosis factor receptor activity; (ii) cardiolipin metabolic process; and (iii) 

transcription corepressor binding (Fig. 2.5f). Conversely, genes with less accessible 

promoter regions in Hmgb2-/- P14 T cells had significant enrichment of GO terms 

associated with (i) positive regulator of T cell activation; (ii) Transcription coactivator 

binding; and (iii) positive regulation of DNA-binding transcription factor activity (Fig. 2.5f). 

Our data suggests a significant role for HMGB2 in CD8+ T cell chromatin accessibility, 

and more specifically, the opening of genomic regions associated with memory T cells 

and the closing of genomic regions associated with terminal cell differentiation. Together, 

these data contribute to our understanding of the mechanisms by which HMGB2 

regulates the development of memory CD8+ T cells.  

Hmgb2-/- memory CD8+ T cells are defective in their recall to secondary infection 

We found that Hmgb2-/- P14 T cells survived to form memory T cells but were 

deficient in Tcm formation and had decreased accessibility of genes associated with 

memory T cells. Since Tcm cells can self-renew to maintain the memory T cell pool and 

mediate memory T cell recall responses60, 199, we next assessed whether HMGB2 played 
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a role in the functionality of memory CD8+ T cells. Small numbers (1x103 cells/each) of 

WT and Hmgb2-/- P14 T cells were adoptively co-transferred at a 1:1 ratio into WT mice 

and subsequently infected with LCMV Arm (Fig. 2.6a). At 30dpi, memory P14 T cells were 

sorted from spleens and co-transferred (2x103 cells/each) at a 1:1 ratio into naïve WT 

mice, which were then infected with LCMV Arm (Fig. 2.6a). WT P14 T cells robustly re-

expanded with secondary challenge, while Hmgb2-/- P14 T cell frequencies were 

significantly decreased in the blood (Fig. 2.6b). Furthermore, we observed decreased 

frequencies and numbers of Hmgb2-/- P14 T cells in spleens at 20dpi (Fig. 2.6c, d). 

Similar results were seen when memory WT and Hmgb2-/- P14 T cells were transferred 

separately into WT hosts and infected with LCMV Arm (Fig. 2.6e). Since TCF-1 is 

required to generate CD8+ memory T cell recall responses60, we next investigated the 

expression of TCF-1 in Hmgb2-/- P14 memory T cells prior to secondary infection. We 

found similar TCF-1+ frequencies between WT and Hmgb2-/- P14 T cells both during and 

after acute Arm infection (Fig. 2.6f). These findings showed that HMGB2 expression was 

required for the re-expansion of memory CD8+ T cells during secondary viral infection.  
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Figure 2.6 Memory Hmgb2-/- CD8+ T cells are defective in their recall capacity.  
(a) Experimental scheme for b-d. WT and Hmgb2-/- P14 T cells were co-transferred 
into WT mice at 1:1, followed by LCMV Arm infection. At 30dpi, memory WT and 
Hmgb2-/- P14 T cells were sorted and normalized to 1:1 before co-transferred into new 
naïve mice, followed by Arm infection (secondary infection). (b) Frequency of WT and 
Hmgb2-/- P14 T cells in blood during secondary Arm infection. Frequency (c) and 
number (d) of splenic WT and Hmgb2-/- P14 T cells at 20dpi secondary Arm. (e) WT 
and Hmgb2-/- P14 T cells were transferred separately into WT hosts and sorted at 68dpi 
Arm before adoptive transfer into separate naïve mice, followed by Arm infection 
(secondary infection). Frequency of WT and Hmgb2-/- P14 T cells in the blood during 
secondary Arm infection. (f) TCF-1 expression in co-transferred WT and Hmgb2-/- P14 
T cells during LCMV Arm infection in the blood. Data is mean ± s.e.m. **p ≤ 0.01, ****p 
≤ 0.0001, paired Student’s t-test (b-d, f), two-tailed unpaired Student’s t-test (e). 
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SUPPLEMENTARY FIGURES 

 

  

Supplementary Figure 2.1 Gating strategy. 
Gating strategy used in co-adoptive transfer experiments. 
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Supplementary Figure 2.2 HMGB2 expression is dispensable for naïve CD8+ T 
cell development. 
CCR7/CD127 (a) and CD44/CD62L (b) protein expression of naïve WT and Hmgb2-/- 
P14 T cells isolated from lymph nodes of uninfected mice. CCR7/CD127 (c) and 
CD44/CD62L (d) protein expression of naïve WT and Hmgb2-/- P14 T cells isolated 
from spleens of uninfected mice. (e) Number of naïve WT and Hmgb2-/- CD8+ T cells. 
Each symbol represents an individual mouse. Data are representative of two 
independent experiments with ≥ 5 mice per group. Data is mean ± s.e.m. Two-sided 
Student’s t-test. 
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Supplementary Figure 2.3 Transcriptomics of WT and Hmgb2-/- CD8+ T cells after 
acute viral infection. 
(a) Volcano plot highlighting differentially expressed genes (DEG) between WT and 
Hmgb2-/- P14 T cells at 8dpi LCMV Arm infection from Fig. 4a. Significant DEG (padj 
≤ 0.1) are colored (pink = upregulated in Hmgb2-/- P14 T cells; black = upregulated in 
WT P14 T cells). (b) Heatmap of average normalized expression of significant DEG. 
Each column represents one independent experiment with n = 5 mice. 
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DISCUSSION 

 Our findings showed a cell-intrinsic role for HMGB2 in the differentiation and 

stemness of memory CD8+ T cells during acute viral infection. In effector CD8+ T cells, 

the expression of Hmgb2 was dispensable for their formation and function during acute 

LCMV infection. However, we found a critical role for HMGB2 in memory T cells (Tmem), 

as shown by decreases in Hmgb2-/- memory precursor effector T cell (MPEC) survival, 

central memory T cell (Tcm) differentiation, and recall responses to secondary infections. 

Despite Hmgb2-/- memory CD8+ T cells expressing TCF-1, this critical transcriptional 

regulator of memory T cell stemness was insufficient to induce the re-expansion of 

Hmgb2-/- T cells during secondary infection. Epigenetic analysis showed Hmgb2-/- T cells 

during acute viral infection had decreased accessibility of memory-specific gene 

signatures, while those associated with terminal effector function were increased.  

After clearance of acute viral infections, MPECs give rise to CD8+ Tmem cells, 

which can self-renew, persist long term, and provide protection upon secondary infection1, 

21, 56, 220. Interestingly, we found HMGB2 negatively regulated MPEC differentiation, but 

was critical for their survival. Within the Tmem compartment, there is heterogeneity that 

vastly impacts the quantity and quality of T cell responses. We observed a cell-intrinsic 

role for HMGB2 in regulating Tmem subset formation, as there was a defect in the 

differentiation of Hmgb2-/- Tcm cells. These cells are important for Tmem responses as 

they contribute to their proliferation, longevity, multipotency, and recall potential26, 200. We 

correspondingly found diminished maintenance and recall capacity of Hmgb2-/- Tmem 

cells. Additionally, although Hmgb2-/- Tmem cells had high expression of the transcription 

factor TCF-1, a critical regulator for Tmem transcriptional programs and Tcm-mediated 
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recall responses55, 56, 60, they were still unable to persist and respond to secondary 

infection. Together, this suggests a cell-intrinsic role for HMGB2 in supporting memory T 

cell function by regulating both MPEC survival and Tcm subset formation. We also 

propose HMGB2 as a critical partner of TCF-1 in promoting memory T cell transcriptional 

programs and recall responses. 

 The epigenetic state of memory T cells is critical for their durability and recall 

capacity upon secondary infections. Recently, studies have shown Tcm cells have 

decreased methylation of promoters for effector and survival genes, including Ifng, Gzmb, 

Prf1, Bcl2 and Il7r, which support their rapid expansion upon secondary challenge48, 49, 50, 

51. Additionally, the TCF-1 regulated transcriptional profile of memory T cells directly 

supports the bioenergetic and proliferative needs of Tcm cells during recall60. However, 

there is still a need to fully characterize the epigenetic and transcriptional regulators of 

memory T cells as their re-expansion capacity and long-term survival are critical for 

secondary immune responses and the efficacy of vaccinations. HMGB2 is a known 

chromatin modifier that regulates cellular stemness, but its role in the epigenetic program 

of memory T cells is not known. Here, we found that HMGB2 regulated 5,610 genomic 

regions in effector T cells during the contraction phase of acute viral infection. HMGB2 

directly supported the accessibility of memory associated genes while suppressing the 

accessibility of genes associated with short-lived effector T cells (SLEC). The role of 

HMGB2 in maintaining the accessibly of genes important for memory T cell responses 

and self-renewal was critical for the re-expansion of these cells upon secondary 

challenge, as demonstrated by the inability of Hmgb2-/- memory T cells to mount a 

response to secondary LCMV infection. The ability to preserve memory T cells and 
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enhance their recall capacity is a key objective of various immunotherapies and vaccines. 

Therefore, modulating HMGB2 in T cells during acute viral infections may enhance 

memory survival and secondary responses to increase clinical efficacy. Together, our 

findings showed HMGB2 regulates the differentiation, survival, and recall capacity of 

memory T cells, and may help predict vaccine efficacy.  

In summary, we show that Hmgb2 expression is required for the differentiation and 

survival of memory T cells during acute viral infection. Hmgb2-/- CD8+ memory T cells 

developed, but they were defective in their formation of Tcm cells and recall capacity. We 

found HMGB2 positively regulates the epigenetic program of memory cells, promoting 

their differentiation, maintenance, and function. We found a previously unidentified role 

for HMGB2 in the differentiation and survival of functional memory T cells, with vast 

implications for secondary reinfections and vaccinations. This new understanding of 

HMGB2’s role in memory T cell stemness and function is a novel contribution to TCF-1 

mediated regulation of secondary recall responses and shows that HMGB2 is an 

indispensable partner of TCF-1 in the formation and maintenance of memory T cells. 
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ABSTRACT 

Chronic infections and cancers evade the host immune system through 

mechanisms that induce T cell exhaustion. The heterogeneity within the exhausted CD8+ 

T cell pool has revealed the importance of stem-like progenitor (Tpex) and terminal (Tex) 

exhausted T cells, although the mechanisms underlying their development are not fully 

known. Here we report HMGB2 expression is upregulated and sustained in exhausted 

CD8+ T cells, and HMGB2 expression is critical for their differentiation. Through 

epigenetic and transcriptional programming, we identify HMGB2 as a cell-intrinsic 

regulator of the differentiation and maintenance of Tpex cells during chronic viral infection 

and in tumors. Despite Hmgb2-/- CD8+ T cells expressing TCF-1 and TOX, these master 

regulators were unable to sustain Tpex differentiation and long-term survival during 

persistent antigen. Our findings show that HMGB2 is a key regulator of exhausted CD8+ 

T cells and may be an important molecular target for future T cell-based 

immunotherapies.  
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INTRODUCTION 

During chronic viral infections there is a dynamic interplay between host and 

pathogen, where multiple cellular and molecular mechanisms inhibit the immune 

response and facilitate viral persistence. A key mechanism is the differentiation of 

exhausted T cells, which are dysfunctional and fail to clear the virus. Despite being less 

functional than effector CD8+ T cells, exhausted T cells still provide some protection to 

the host106, 221, which is highlighted in simian immunodeficiency virus studies showing 

host progression to AIDS-like disease and death when T cells are depleted74. Chronic 

antigen stimulation results in responding T cell dysfunction and heterogeneity, with 

altered transcription, epigenome, and metabolism unique to exhausted T cells18, 116, 138, 

222, 223. Two key exhausted T cell subsets, defined by phenotype and transcription factor 

expression, are progenitor exhausted (Tpex) and terminal exhausted (Tex) T cells100, 102, 

111. Tpex cells are long-lived, self-renew, and give rise to Tex cells100. They also express 

the key transcription factors TCF-1, BCL-6, and BACH2224. In contrast, terminal Tex cells 

express high TOX, BLIMP-1, and TIM-3, have increased effector functions, and undergo 

higher rates of apoptosis224. Despite detailed characterization of these two main subsets, 

their differentiation mechanisms have not been fully described. 

Understanding exhausted T cell heterogeneity has important clinical implications 

for immune checkpoint blockade (ICB) therapy against chronic viral infections and 

cancer145. Studies have shown anti-PD-1/anti-PD-L1 blockade reinvigorates the Tpex 

population, which proliferates and further increases numbers of the more cytotoxic Tex 

cells135. Emerging evidence also suggests Tpex cell frequencies may predict patient 

responsiveness to ICB therapy102, 111, 225 and ability to control HIV viremia226. Importantly, 
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exhausted T cells undergo unique epigenetic changes during differentiation, including 

permanent marks which sustain their exhausted state227. Therefore, although exhausted 

T cells can be re-invigorated with ICB therapy, they revert to their exhausted phenotype 

and thereby provide only temporary clinical response in some patients120, 121, 44, 142, 143, 228. 

Identifying mechanisms of exhausted T cell differentiation and the associated epigenetic 

changes remains of high clinical interest as these cells may need to be reprogrammed 

transcriptionally and/or epigenetically to improve immunotherapy efficacy.  

HMGB2 is a member of the high-mobility group box (HMGB) family, which are 

relatively abundant and highly conserved DNA-binding proteins that modify chromatin 

structure and regulate gene transcription and transcription factor binding159, 210, 211. 

HMGB2 has known roles in regulating stem cells during various differentiation programs, 

including myogenesis, spermatogenesis, and neurogenesis175, 176, 177. In mice, Hmgb2 is 

expressed early in embryogenesis, but is limited to lymphoid organs and testes in 

adults159. Despite its characterization in numerous cell types, the role of HMGB2 in CD8+ 

T cells has not been investigated. Previous RNA-sequencing analyses found increased 

Hmgb2 expression in murine exhausted CD8+ T cells during lymphocytic choriomeningitis 

virus (LCMV) infection212 and increased HMGB2 expression in CD8+ T cells from cancer 

patients229, 230, 231, 232. Given HMGB2’s role in both modulating chromatin architecture and 

regulating stem cells, along with its high gene expression in CD8+ T cells, we investigated 

the function of HMGB2 in exhausted CD8+ T cells. 

We found a cell-intrinsic role for HMGB2 in the differentiation and stemness of 

exhausted CD8+ T cells. Exhausted CD8+ T cells had high HMGB2 expression that was 

sustained with persistent antigen. In response to chronic viral infection, Hmgb2-/- CD8+ T 
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cells showed decreased Tpex differentiation. Even though Hmgb2-/- CD8+ T cells 

expressed both TCF-1 and TOX, these transcription factors were unable to support the 

differentiation and maintenance Tpex and Tex cells. Mechanistically, HMGB2 regulated 

Tpex-specific transcriptional programming through increasing chromatin accessibility of 

Tpex genes, while decreasing accessibility of regions specific for terminal Tex cells during 

chronic infection. Our findings show a previously unknown role for HMGB2 as an essential 

regulator of exhausted CD8+ T cell differentiation, that protects these cells from a terminal 

fate. 
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MATERIALS AND METHODS 

 

Mice 

All experimental animal procedures were approved by the Institutional Animal Care and 

Use Committee of University of California, Irvine (AUP-21-124) and complied with all 

relevant ethical regulations for animal testing and research. C57BL/6J and B6.SJL-Ptpra 

Pepcb/BoyJ mice were purchased from the Jackson Laboratory, then bred in SPF 

facilities. P14 mice were obtained from The Scripps Research Institute (originally from Dr. 

Charles D. Surh). These mice were bred to Ly5.1 (B6.SJL-Ptprca Pepcb/BoyJ) mice and 

to Hmgb2-/- mice, which were generously provided by Dr. Marco Bianchi (San Raffaele 

Scientific Institute, Milan, Italy). Male and female mice ≥ 6 weeks of age were used in 

experiments. Mouse selection for experiments was not formally randomized or blinded. 

 

Virus Infection and Titers 

LCMV Clone 13 (Cl13) was propagated in baby-hamster kidney cells and titrated on Vero 

African-green-monkey kidney cells. Frozen stocks were diluted in Vero cell media and 

2x106 PFUs of LCMV Cl13 were injected intravenously (i.v.). Virus titers were determined 

from serial dilutions of either sera or tissues taken from mice using a plaque assay.  

 

T cell Adoptive Transfer 

Bulk CD8+ T cells were enriched from spleens and lymph nodes (LNs) of WT (Hmgb2+/+) 

or Hmgb2-/- P14 transgenic mice by column-free magnetic negative selection. Single cell 

suspensions from pooled spleen and LNs were incubated with biotinylated antibodies 
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against CD4 (GK1.5), B220 (RA3-6B2), CD19 (6D5), CD24 (M1/69), CD11b (M1/70), and 

CD11c (N418). Non-CD8+ cells were removed by mixing labeled cell suspension with 

Streptavidin RapidSpheres (Stemcell technologies) at room temperature (RT) for 5min, 

followed by two-5min incubations in an EasyEights™ EasySep™ Magnet (Stemcell 

technologies). The unbound CD8+ T cells were washed in sterile PBS (1x) with FBS (2%), 

and purity was determined on a flow cytometer. For single-transfer studies, WT and 

Hmgb2-/- P14 T cells were transferred into separate new WT hosts of the opposite 

congenic marker (1x103 i.v. for virus studies, 1x106 for tumor survival studies). For co-

transfer studies, WT and Hmgb2-/- P14 T cells were mixed at a 1:1 ratio (1x103 i.v. per 

cell-type for virus studies, 1x106 i.v. per cell-type for tumor studies) and injected into new 

WT recipient mice i.v. Within 18-24hr post-transfer, recipient mice were inoculated with 

LCMV Cl13 (2x106 PFU, i.v.) or B16-GP33-41 tumor cells (1x106, s.c.). For re-challenge 

experiments, live (PI-) WT and Hmgb2-/- P14 T cells were sorted at >95% purity from 

spleens and LNs at 30dpi or 68dpi using a BD FACSAria sorter. Cell numbers were 

normalized and transferred into new hosts (2x103 i.v. per cell-type) that were 

subsequently infected with LCMV Arm (2x105 PFU, i.p.). 

 

B16-GP33-41 Tumor Model and Digestion 

B16-GP33-41 melanoma cells were kindly provided by Dr. Ananda Goldrath. All cell lines 

maintained in Iscove's Modified Dulbecco's medium supplemented with 10% fetal bovine 

serum (FBS) and antibiotics. All cell lines were free of mycoplasma. For co-transfer and 

survival tumor experiments, mice were injected subcutaneously (s.c.) with 1x106 tumor 

cells. Tumor size was measured by caliper daily for calculation of B16-GP33-41 tumor 
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volume and tumors of <1800mm3 were designated as surviving per IACUC protocol. 

Tumors were weighed at time of excision before being minced and digested in 

gentleMACS™ C Tubes for 40min at 37°C using the gentleMACS™ Dissociator (Miltenyi 

Biotec). Digests were then passed through a 70-μm cell strainer to generate a single-cell 

suspension. The cells were then stained for flow cytometry. 

 

Flow Cytometry 

For cell surface staining, 2x106 cells were incubated with antibodies in staining buffer 

(PBS, 2% FBS and 0.01% NaN3) at 4°C . For tetramer surface staining, 2x106 cells were 

stained with conjugated H-2Db-GP33–41, H-2Db-GP276-286, or H-2Db-NP396–404 tetramers 

(NIH core facility) for 1h and 15min at RT in staining buffer. For intracellular cytokine 

staining, cells were resuspended in complete RPMI-1640 (containing 10 mM HEPES, 1% 

nonessential amino acids and L-glutamine, 1 mM sodium pyruvate, 10% heat inactivated 

FBS and antibiotics) supplemented with 50 U/mL IL-2 (NCI) and 1 mg/mL brefeldin A 

(BFA, Sigma), and then incubated with 2mg/mL LCMV GP33-41 peptide (AnaSpec) at 37°C 

for 4h. Cells were then fixed and permeabilized using a Cytofix/Cytoperm Kit (BD 

Biosciences) before staining. For intranuclear transcription factor staining, cells were fixed 

and permeabilized using a Foxp3/transcription factor fixation/permeabilization kit (Fisher). 

Antibodies are listed in Star Methods. Surface stains were performed at a 1:200 dilution, 

while intracellular and intranuclear stains performed at a 1:100 dilution. Caspase3 

staining was done using CaspGLOW Fluorescein Active Caspase-3 staining kit 

(ThermoFisher) following manufacturer’s instructions. All data were collected on a 

Novocyte3000 (Agilent) and analyzed using FlowJo Software (Tree Star).  
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In Vivo Proliferation 

Mice were injected i.p. with 2mg BrdU (Sigma-Aldrich) 16h before removing spleens at 

8dpi to measure proliferation. Cells were stained intracellularly using FITC BrdU Flow kit 

(BD Biosciences) following the manufacturer’s instructions. Cells were acquired with a 

Novocyte3000 flow cytometer. 

 

Comet Assay 

Co-transferred live (PI-) WT and Hmgb2-/- P14 T cells were sorted at >95% purity from 

spleens and LNs of LCMV Cl13 infected mice at 8dpi using a BD FACSAria sorter. U2OS 

cells were cultured in DMEM supplemented with 10% fetal bovine serum, 1% L-

Glutamine, and 1% penicillin/streptomycin. Single-cell alkaline gel electrophoresis was 

performed with comet assay Kit (Abcam) following manufacturer’s instructions. Images 

were captured using a Leica DMi8 THUNDER microscope. Comet olive tail moments of 

100 cells were analyzed using CometScore software version 2.0.0.38. 

 

Western Blot 

Co-transferred live (PI-) WT and Hmgb2-/- P14 T cells were sorted at >95% purity from 

spleens and LNs of LCMV Cl13 infected mice at 8dpi using a BD FACSAria sorter. Cells 

were lysed and blots were stained for Phospho-H2AX (Ser139) (1:1000) and Histone H3 

(1:140000). 

 

Bulk RNA-Seq RNA Isolation and Library Preparation 
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For 8dpi studies, WT and Hmgb2-/- P14 T cells were transferred into five separate mice 

each before infection with LCMV Cl13. For 20dpi studies, WT and Hmgb2-/- P14 T cells 

were co-transferred at 1:1 into 10 mice before infection with LCMV Cl13. On 8dpi or 20dpi, 

spleens and LNs were pooled based on infection type and P14 genotype. Live (PI-) WT 

and Hmgb2-/- P14 were sorted at >95% purity (8dpi:~1x106 per condition; 20dpi: ~300k 

WT, ~100k Hmgb2-/-) and resuspended in RLT Buffer and BME before storage at -80°C. 

Each experiment was performed three times to represent three biological replicates. Total 

RNA was monitored for quality control using the Agilent Bioanalyzer Nano RNA chip and 

Nanodrop absorbance ratios for 260/280nm and 260/230nm. Library construction was 

performed according to the Illumina TruSeq mRNA stranded protocol. The input quantity 

for total RNA within the recommended range and mRNA was enriched using oligo dT 

magnetic beads. The enriched mRNA was chemically fragmented. First strand synthesis 

used random primers and reverse transcriptase to make cDNA. After second strand 

synthesis the ds cDNA was cleaned using AMPure XP beads and the cDNA was end 

repaired and then the 3’ ends were adenylated. Illumina barcoded adapters were ligated 

on the ends and the adapter ligated fragments were enriched by nine cycles of PCR. The 

resulting libraries were validated by qPCR and sized by Agilent Bioanalyzer DNA high 

sensitivity chip. The concentrations for the libraries were normalized and then multiplexed 

together. The multiplexed libraries were sequenced using paired end 100 cycles 

chemistry on the NovaSeq 6000. 

 

Bulk RNA-Seq Data Analysis 
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Post-processing of the run to generate FASTQ files was performed at the Institute for 

Genomics and Bioinformatics (UCI IGB). PcaHubert was used to identify any outlier 

samples, which were removed from further analysis213. The quality of the sequencing was 

first assessed using the fastQC tool (v0.11.9). Raw reads were then quality trimmed and 

filtered by a length of 20 bases using trimmomatic (v0.39). Trimmed reads were analyzed 

with the mouse Grcm38 reference genome using pseudo aligner Salmon (v1.2.1) and 

resulting quantification files were imported using R package tximport to get TPM values 

for all annotated mouse genes. Differential analysis was done using R package DESeq2 

(v1.22.2) with an FDR cut off of 0.05. PCA was done using R packages DESeq2 and 

pheatmap. For downstream analysis, genes with adjusted p-value ≤ 0.1 and |log2FC| ≥ 

0.5 were included. Gene ontology functional enrichment of gene expression changes in 

WT and Hmgb2-/- P14 T cells were performed using Metascape (http://metascape.org). 

 

ATAC-Seq Library Preparation 

WT and Hmgb2-/- P14 T cells were co-transferred at 1:1 into 10 mice before infection with 

LCMV Cl13. On 8dpi, spleens and LNs were pooled (samples are pooled from 

10mice/group). Live (PI-) WT and Hmgb2-/- P14 were sorted at >95% purity (2x105 WT, 

2x105 Hmgb2-/-). Each experiment was performed three times to represent three 

biological replicates. Following the Omni-ATAC protocol, samples were lysed in lysis 

buffer (10mM Tris-HCl (pH 7.4), 10mM NaCl, 3mM MgCl2, 10% Np-40, 10% Tween, and 

1% Digitonin) on ice for 3 minutes214. Immediately following lysis, nuclei were spun at 

500g for 10min at 4°C to remove supernatant. Nuclei were then incubated with Tn5 

transposase for 30min at 37°C. Tagmented DNA was purified using AMPure XP beads 
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and PCR was performed to amplify the library under the following conditions: 72°C for 

5min; 98°C for 30s; 5 cycles of 98°C for 10s, 63°C for 30s, and 72°C for 1min; hold at 

4°C. Libraries were then purified with warm AMPure XP beads and quantified on a 

Bioanalyzer. Libraries were multiplexed and sequenced to a depth of 50million 100bp 

paired reads on a NextSeq. 

 

ATAC-Seq Data Analysis 

Paired ended reads from sequencing were QC analyzed with fastqQC (v.11.9) and 

aligned to mouse mm10 reference genome using bowtie2 (v2.4.1). Mitochondrial reads 

and reads mapped to dark list (ENCODE Stanford version) were excluded from the 

downstream analysis. Duplicated reads were removed using Picard tools (v2.27.1). A 

union peak list was created by merging processed reads from all samples and then calling 

peaks using MACS2 (v2.7.1) (-q 0.01 --keep-dup all -f BAMPE). The number of reads in 

each peak were then counted using featureCounts (Rsubread v2.6.4) to create a counts 

matrix. Normalization of counts matrix was performed using DESeq2 (v1.32.0). 

Differentially expressed peaks were determined using edgeR (v3.34.1) with an FDR cut-

off of 0.05 and a |log10FC| cut-off of ≥ 0.3. Peaks were annotated using ChIPSeeker 

(v1.34.0). Functional enrichment of promoter regions was performed using Metascape 

(http://metascape.org). 

 

Quantification and Statistical Analysis 

Flow cytometry data were analyzed with FlowJo software (TreeStar). Bulk RNA-seq and 

ATAC-seq figures were prepared using RStudio software. Graphs were prepared with 
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GraphPad Prism software. GraphPad Prism was used for statistical analysis to compare 

outcomes using a two-tailed unpaired Student’s t-test, Mann Whitney or paired Student’s 

t-test where indicated; significance was set to p ≤ 0.05 and represented as *p ≤ 0.05, **p 

≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Error bars show SEM. 

 

Data and code availability  

The authors declare that all supporting data are available within the Article and its 

Supplementary Information files. 3’-scRNA-seq and ATAC-seq data sets will be deposited 

in the Gene Expression Omnibus (GEO) database. 
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RESULTS 

Cell-intrinsic HMGB2 expression is essential for long-term maintenance of 

exhausted CD8+ T cells 

Since HMGB2 expression was increased and sustained in exhausted CD8+ T cells, 

we next determined the cell-intrinsic role of HMGB2 in virus-specific T cells during chronic 

LCMV infection. Small numbers (1x103 cells) of congenically marked WT or Hmgb2-/- P14 

T cells were adoptively transferred into congenically mismatched WT mice and infected 

with LCMV Cl13 (Fig. 3.1a). We observed similar expansion of both WT and Hmgb2-/- 

P14 T cells at 8dpi, but Hmgb2-/- P14 T cells had an accelerated decline and were present 

at significantly lower frequencies compared to WT by 15dpi (Fig. 3.1b). Furthermore, we 

observed significantly decreased frequencies and numbers of Hmgb2-/- P14 T cells in 

spleens at 68dpi (Fig. 3.1c). We next evaluated the functionality of WT and Hmgb2-/- P14 

T cells and observed similar frequencies of GranzymeB+ cells at 8dpi and IFN-g+ and IFN-

g+TNF-a+ cells at 68dpi (Fig. 3.1d, e). To investigate cell-intrinsic HMGB2 function during 

chronic infection, we co-transferred WT and Hmgb2-/- P14 T cells at a 1:1 ratio into WT 

mice and then infected with Cl13 (Fig. 3.1f). Despite starting at a 1:1 ratio, we observed 

a significant decrease in frequencies of Hmgb2-/- P14 T cells compared to WT cells as 

early as 8dpi (Fig. 3.1g). Additionally, we observed significantly decreased numbers of 

Hmgb2-/- P14 T cells compared to WT at 8 and 30dpi (Fig. 3.1h). We next evaluated co-

inhibitory receptor expression and found that Hmgb2-/- CD8+ T cells were increased in 

PD-1+TIM-3+ cells throughout Cl13 infection (Fig. S3.1a). Furthermore, we observed 

higher PD-1 expression in Hmgb2-/- P14 T cells at 26 and 35dpi (Fig. S3.1b). Since it has 

been established TOX is required for the generation of exhausted T cells during Cl13  
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  Figure 3.1 Cell-intrinsic kinetics of WT and Hmgb2-/- P14 T cells during Cl13 
infection. 
(a) Experimental scheme for b-c, e. WT and Hmgb2-/- P14 CD8+ T cells were 
transferred separately into naïve mice and infected with LCMV Cl13. Blood taken at 8, 
15, 26, and 35dpi. Spleens isolated at 68dpi. (b) Frequency of WT and Hmgb2-/- P14 
T cells of total CD8+ population. (c) Splenic WT and Hmgb2-/- P14 T cell frequencies 
and numbers at 68dpi Cl13. (d) Frequencies of GranzymeB+ WT and Hmgb2-/- P14 T 
cells at 8dpi LCMV Cl13 infection in the blood (e) Cytokine production by splenic WT 
and Hmgb2-/- P14 T cells at 68dpi Cl13. (f) Experimental scheme for g-h. WT and 
Hmgb2-/- P14 T cells were co-transferred at 1:1 into WT mice and infected with Cl13. 
Frequencies (g) and numbers (h) of splenic WT and Hmgb2-/- P14 T cells at indicated 
timepoints post infection. Data are representative of three independent experiments 
with ≥ 5 mice per group. (i) Frequencies of total CD8+, GP33-41+, GP276-286+, and NP396-

404+ T cells during Cl13 infection in the blood of WT and Hmgb2-/- mice. (j) Frequencies 
of total CD8+, GP33-41+, GP276-286+, and NP396-404+ T cells during Cl13 infection in the 
spleen and lymph nodes (LNs) of WT and Hmgb2-/- mice at 44dpi. (k) Virus titers in 
serum at 44dpi by plaque forming units (PFU) and expressed as PFU/mL. (l) Virus 
titers in the kidney, brain, and lung, expressed as PFU/g. Limits of detection are 
indicated by dashed lines. Data are representative of three independent experiments 
with ≥ 5 mice per group (a-h) or two independent experiments with ≥ 3 mice per group 
(i-l). Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, two-tailed 
unpaired Student’s t-test (b-c, e, i-l), paired Student’s t-test (d, g-h). 
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infection126, 127, 136, we next asked if the loss of exhausted Hmgb2-/- P14 T cells was due 

to decreased TOX expression compared to WT. Significantly, we found Hmgb2-/- P14 T 

cells had both similar and increased frequencies of TOX+ cells compared to WT, but had 

impaired generation of exhausted T cells (Fig. S3.1c). 

Since we saw diminished maintenance of exhausted Hmgb2-/- P14 T cells, we 

wanted to investigate the impact of HMGB2 deletion on other virus-specific T cell clones 

by infecting WT and Hmgb2-/- mice with Cl13. By 8dpi there was similar expansion of 

CD8+, GP33-41+, GP276-286+, and NP396-404+ T cells in both WT and Hmgb2-/- mice, but by 

14dpi and onwards there were significantly less virus-specific CD8+ T cells in Hmgb2-/- 

mice (Fig. 3.1i). At 44dpi, there were significantly decreased frequencies of CD8+, GP33-

41+, and GP276-286+ T cells in spleens and lymph nodes of Hmgb2-/- mice compared to WT 

(Fig. 3.1j). Throughout the course of infection there were no differences serum viral titers, 

but we observed significantly increased viral titers in the brains and lungs of Hmgb2-/- 

mice at 44dpi (Fig. 3.1k, l). Together, these findings showed HMGB2 was essential for 

the formation and long-term maintenance of exhausted CD8+ T cells during chronic viral 

infection. 

HMGB2 regulates the transcriptional signature of progenitor exhausted CD8+ T 

cells 

Since we found roles for HMGB2 in exhausted CD8+ T cells, and HMGB2 is a 

chromatin modifier, we next investigated whether HMGB2 regulated the transcriptional 

landscape of virus-specific T cells. We performed RNA-sequencing of sorted WT and 

Hmgb2-/- P14 T cells from Cl13 infected mice at 8dpi. Principal component analysis (PCA) 

showed the type of infection accounted for transcriptional differences across PC1 (47% 
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variance), while Hmgb2 expression accounted for transcriptional changes across PC2 

(30% variance) (Fig. 3.2a). Overall, we observed 350 differentially expressed genes 

(DEG) between WT and Hmgb2-/- P14 T cells at 8dpi Cl13, with 119 upregulated and 231 

downregulated genes in Hmgb2-/- P14 T cells (Fig. 3.2b). In WT P14 T cells, we observed 

increased expression of genes promoting stem-like progenitor exhausted T cell (Tpex) 

differentiation (Eomes, Bcl6, Id3, Bach2), whereas Hmgb2-/- P14 T cells had increased 

expression of genes associated with terminal exhausted T cells (Tex) (Casp3, Tigit, Tox, 

Ctla4, Ifng) (Fig. 3.2b)92. To identify the biological significance of these DEG during Cl13 

infection, we performed gene ontology (GO) analysis. We found WT P14 T cells were 

enriched for pathways associated with (i) leukocyte differentiation; (ii) regulation of cellular 

respiration and oxidative phosphorylation; and (iii) transferase activity (Fig. 3.2c). In 

contrast, Hmgb2-/- P14 T cells were enriched for pathways associated with (i) negative 

regulation of T cell activation; (ii) immune receptor activity; and (iii) apoptosis (Fig. 3.2c). 

These findings showed Hmgb2-/- CD8+ T cells are enriched for gene signatures and 

pathways of terminal exhaustion during chronic viral infection.  

HMGB2 is required for expression of Tpex genes, including genes regulated by 

TCF-1  

To further investigate the transcriptional changes driven by HMGB2 in CD8+ T cells 

during chronic infection, we performed RNA-sequencing on WT and Hmgb2-/- P14 T cells 

sorted from Cl13 infected mice at 20dpi. PCA showed clear separation of WT and Hmgb2-

/- P14 T cells, with Hmgb2 expression accounting for the transcriptional differences across 

PC1 (77% variance) (Fig. 3.2d). There were 679 DEG, with 494 upregulated and 185 

downregulated in Hmgb2-/- P14 T cells (Fig. 3.2e). Similar to 8dpi Cl13, we observed  



 83 

  

Figure 3.2 Hmgb2-/- CD8+ T cells have decreased expression of Tpex signature 
genes.  
Bulk RNA-seq analysis of WT and Hmgb2-/- P14 T cells during LCMV Arm and Cl13 
infection. (a) Principal component analysis (PCA) of WT and Hmgb2-/- P14 T cells at 8 
days post either Arm or Cl13 infection. (b) Volcano plot highlighting differentially 
expressed genes (DEG) between WT and Hmgb2-/- P14 T cells at 8dpi Cl13. 
Significant DEG (padj ≤ 0.1, |log2FC| ≥ 0.5) are colored (pink = upregulated in Hmgb2-

/- P14 T cells; black = upregulated in WT P14 T cells). (c) Left: Gene ontology (GO) 
biological process enrichment from Metascape of significant DEG from b. X-axis 
represents log10(q-value) and size of dot represents proportion of the total DEG 
enriched to that given pathway. Right: Heatmap of average normalized expression of 
genes associated with bolded pathways. Each column represents one independent 
experiment with n = 5 mice. (d) PCA of co-transferred WT and Hmgb2-/- P14 T cells at 
20dpi Cl13. (e) Volcano plot highlighting DEG between WT and Hmgb2-/- P14 T cells 
at 20dpi Cl13. Significant DEG (padj ≤ 0.1, |log2FC| ≥ 0.5) are colored (pink = 
upregulated in Hmgb2-/- P14 T cells; black = upregulated in WT P14 T cells). (f) Left: 
GO biological process enrichment from Metascape of DEG from e. X-axis represents 
log10(q-value) and size of dot represents proportion of the total DEG enriched to that 
given pathway. Right: Heatmap of average normalized expression of genes associated 
with bolded pathways. Each column represents one independent experiment with n = 
10 mice. 
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increased expression of Tpex associated genes in WT P14 T cells (Tcf7, Cxcr5, Bcl6, 

Foxo1, Eomes, Id3) compared to Hmgb2-/- P14 T cells (Fig. 3.2e)92. Hmgb2-/- P14 T cells 

expressed a dysregulated gene expression program, including non-CD8+ T cell lineage 

associated genes (Ighg2c, Cd19) (Fig. 3.2e). GO term analysis showed WT P14 T cells 

were enriched for pathways associated with (i) histone modification; (ii) histone 

deacetylation; (iii) lymphocyte differentiation; (iv) transcription coregulator activity; and (v) 

covalent chromatin modification (Fig. 3.2f). In contrast, Hmgb2-/- P14 T cells were 

enriched for pathways associated with (i) phagocytosis; (ii) complement activation; (iii) B 

cell activation; (iv) regulation of lymphocyte activation; and (v) inflammatory responses 

(Fig. 3.2f). 

Since HMGB proteins are also known to modulate transcription factor binding, we 

next used Ingenuity Pathway Analysis (IPA)233 to investigate any transcriptional 

regulators modified by HMGB2 that may be responsible for the DEG between WT and 

Hmgb2-/- P14 T cells at 20dpi Cl13. Upstream causal network analysis identified TCF-1 

as a possible master regulator of the 20dpi Cl13 DEG, with the TCF-1 regulator network 

predicated to be significantly inhibited in exhausted Hmgb2-/- P14 T cells (activation z-

score = -3.236, network bias-corrected p-value = 0.00001) (Fig. S3.2a). Of the 679 DEG 

regulated by HMGB2 at 20dpi Cl13, 117 are downstream targets of TCF-1, including Bcl6, 

Eomes, Id3, Foxo1, Notch1, and Tcf7 (Fig. S3.2a). This suggests that HMGB2 in CD8+ T 

cells regulates the Tpex transcription program during Cl13 infection, and may do so 

through modifying the TCF-1 transcriptional network. 

Hmgb2-/- CD8+ T cells have decreased survival during chronic viral infection 
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 Since we found Hmgb2-/- CD8+ T cells were significantly decreased during chronic 

viral infection, we next assessed whether there were differences in their proliferation 

and/or survival. We co-transferred WT and Hmgb2-/- P14 T cells at a 1:1 ratio into WT 

mice, followed by Cl13 infection. We first evaluated proliferation by in vivo BrdU 

incorporation and observed slightly decreased frequencies of BrdU+ Hmgb2-/- P14 T cells 

compared to WT at 8dpi Cl13 (Fig. 3.3a). Next, we evaluated survival by active Caspase3 

and PI staining and observed increased frequencies of total Caspase3+ apoptotic Hmgb2-

/- P14 T cells compared to WT at 8dpi Cl13 (Fig. 3.3b). However, we found no differences 

between WT and Hmgb2-/- total Caspase3+ apoptotic P14 T cells at 46dpi Cl13 (Fig. 

3.3c). We next asked whether the increased apoptosis of Hmgb2-/- P14 T cells was due 

to differences in DNA repair compared to WT cells. Using a comet assay to measure DNA 

damage215, we found no significant differences between WT and Hmgb2-/- P14 T cells 

during Cl13 infection (Fig. 3.3d). We also looked at phosphorylated-H2AX (Ser139), a 

marker of DNA damage216, and again found no differences between WT and Hmgb2-/- 

P14 T cells during Cl13 infection (Fig. 3.3e). These findings showed Hmgb2-/- CD8+ T 

cells had decreased proliferation and survival compared to WT during chronic viral 

infection and did not show signs of DNA damage by 8dpi. 

HMGB2 is essential for the differentiation of progenitor exhausted T cells during 

chronic viral infection 

Recent findings have shown heterogeneity within the exhausted CD8+ T cell 

population, including the identification of Tpex and Tex cells. Since our sequencing data 

showed decreased expression of Tpex signature genes in Hmgb2-/- P14 T cells compared 

to WT (Tcf7, Eomes, Bcl6, Id3), we wanted to determine changes in Tpex differentiation  
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Figure 3.3 Exhausted Hmgb2-/- CD8+ T cells have decreased proliferation and 
increased cell death. 
WT and Hmgb2-/- P14 T cells were co-transferred at 1:1 into WT mice, followed by 
LCMV Cl13 infection. (a) BrdU uptake of splenic WT and Hmgb2-/- P14 T cells at 8dpi. 
Caspase3 and PI staining of P14 T cells at 8dpi (b) and 46dpi (c) in the spleen. (d) 
Alkaline comet assay of splenic WT and Hmgb2-/- P14 T cells isolated on 8 days post 
Cl13 infection (pooled samples from 10mice/group). Representative fluorescent comet 
images of cells stained with Vista Green DNA dye. U2OS human cells treated with 
etoposide (10µM for 30min), a topoisomerase II inhibitor used to generate DNA 
double-strand breaks in cells, served as controls for comet tail formation. (e) p-H2AX 
(Ser139) protein expression by western blot in purified splenic WT and Hmgb2-/- P14 
T cells isolated on 8 days post Cl13 infection (pooled samples from 10mice/group). 
U2OS human cells untreated or treated with 25µM etoposide for 60min served as 
negative and positive controls, respectively. Data are representative of three 
independent experiments with ≥ 5 mice per group. Data is mean ± s.e.m. *p ≤ 0.05, 
****p ≤ 0.0001, paired Student’s t-test. 
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between WT and Hmgb2-/- P14 T cells. At 8dpi Cl13, we stained adoptively co-transferred 

P14 T cells with Slamf6 and TIM-3 to identify Tpex (Slamf6hiTIM-3lo) and Tex 

(Slamf6loTIM-3hi) cells. We found that Hmgb2-/- P14 T cells had significantly diminished 

Tpex cell frequencies compared to WT (Fig. 3.4a). Consistent with the loss of the Tpex 

subset, Hmgb2-/- P14 T cells were enriched for Tex-phenotype cells (Fig. 3.4a). 

Furthermore, we observed a significant decrease in the number of Hmgb2-/- Tpex cells at 

both 8 and 46dpi, while the numbers of Tex cells were similar (Fig. 3.4a, b). We also 

found significantly decreased CXCR5+ Hmgb2-/- P14 T cells compared to WT, which is an 

additional surface marker of the Tpex population (Fig. 3.4c). Since we found decreased 

Tcf7 expression in Hmgb2-/- P14 T cells and TCF-1 (Tcf7) is a key transcription factor 

driving Tpex cell differentiation, we investigated if the loss of Hmgb2-/- Tpex cells was due 

to decreased TCF-1 expression compared to WT. Surprisingly, WT and Hmgb2-/- P14 T 

cells had similar frequencies of TCF-1+ cells during Cl13 infection (Fig. 3.4d). In Hmgb2-

/- mice, we also found similar and even higher frequencies of TCF-1+ cells in Hmgb2-/- 

CD8+, GP33-41+, GP276-286+, and NP396-404+ T cells compared to WT mice during Cl13 

infection (Fig. S3.3a). 

Given the substantial loss of Hmgb2-/- Tpex cells and the overall increased cell 

death of exhausted Hmgb2-/- P14 T cells, we next investigated if Hmgb2-/- Tpex cells were 

preferentially dying. At 8dpi Cl13, we found no differences in Tpex cell death between WT 

and Hmgb2-/- P14 T cells (Fig. 3.4e) but found a significant increase in apoptosis of 

Hmgb2-/- Tpex cells compared to WT at 46dpi (Fig. 3.4f).  

Lastly, since we found HMGB2 played a critical role in the formation of Tpex cells, 

we wanted to evaluate the regulation of HMGB2 in this exhausted subset. Within WT P14  



 88 

  

Figure 3.4 Hmgb2-/- CD8+ T cells have decreased progenitor exhausted T cell 
differentiation. 
WT and Hmgb2-/- P14 T cells were co-transferred at 1:1 into WT mice, followed by 
LCMV Cl13 infection. (a) Frequencies and numbers of splenic progenitor exhausted 
(Tpex) and terminal exhausted (Tex) T cells at 8dpi Cl13. (b) Number of splenic WT 
and Hmgb2-/- P14 progenitor exhausted (Tpex) and terminal exhausted (Tex) T cells 
at 46dpi Cl13. (c) Frequencies of CXCR5+ P14 T cells at 8dpi Cl13 in the spleen. (d) 
TCF-1 expression during LCMV Cl13 infection in the blood (8-21dpi) and spleen 
(46dpi). Frequency of total Caspase3+ splenic WT and Hmgb2-/- Tpex and Tex cells at 
8dpi (e) and 46dpi (f) Cl13. Data are representative of three independent experiments 
with ≥ 5 mice per group. Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 
≤ 0.0001, paired Student’s t-test. 
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T cells, we found the highest expression of HMGB2 in the Tpex subset compared to the 

Tex (Fig. S3.3b). We also found the highest frequencies of Tpex cells within the WT P14 

HMGB2+ population compared to the WT P14 HMGB2- population (Fig. S3.3c). Together, 

these findings showed that HMGB2 is a critical regulator of the differentiation and 

preservation of Tpex cells, which self-renew and maintain the exhausted T cell pool during 

Cl13 infection. 

Hmgb2-/- exhausted CD8+ T cells are decreased after secondary acute LCMV 

challenge  

  We observed significantly decreased frequencies of Hmgb2-/- Tpex cells during 

Cl13 infection, and since these cells drive the limited reinvigoration of exhausted T cells 

after secondary infections100, 224, we next examined whether exhausted Hmgb2-/- CD8+ T 

cells could respond to Arm infection. Small numbers (1x103 cells/each) of WT and Hmgb2-

/- P14 T cells were adoptively co-transferred at a 1:1 ratio into WT mice and infected with 

Cl13 (Fig. 3.5a). At 30dpi, exhausted P14 T cells were sorted from spleens and co-

transferred (2x103 cells/each) at a 1:1 ratio into new WT mice, which were then infected 

with LCMV Arm (Fig. 3.5a). Exhausted WT P14 T cells re-expanded with secondary 

challenge, while Hmgb2-/- P14 T cells failed to expand and were at significantly decreased 

frequencies in the blood (Fig. 3.5b). Furthermore, we observed significantly decreased 

frequencies and numbers of Hmgb2-/- P14 T cells in spleens at 20dpi (Fig. 3.5c, d). 

Similar results were seen when exhausted WT and Hmgb2-/- P14 T cells were transferred 

separately into WT hosts and re-challenged with LCMV Arm (Fig. 3.5e). These findings 

showed HMGB2 expression is essential for the re-expansion of exhausted CD8+ T cells 

after a secondary viral challenge. 
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Figure 3.5 Exhausted Hmgb2-/- CD8+ T cells are defective in their recall capacity.  
(a) Experimental scheme for b-d. WT and Hmgb2-/- P14 T cells were co-transferred 
into WT mice at 1:1, followed by LCMV Cl13 infection. At 30dpi, exhausted WT and 
Hmgb2-/- P14 T cells were sorted and normalized to 1:1 before co-transferred into new 
naïve mice, followed by Arm infection (secondary infection). (b) Frequency of WT and 
Hmgb2-/- P14 T cells in blood during secondary Arm infection. Frequency (c) and 
number (d) of splenic WT and Hmgb2-/- P14 T cells at 20dpi secondary Arm. (e) WT 
and Hmgb2-/- P14 T cells were transferred separately into WT hosts and sorted at 68dpi 
Cl13 before adoptive transfer into separate naïve mice, followed by Arm infection 
(secondary infection). Frequency of WT and Hmgb2-/- P14 T cells in the blood during 
secondary Arm infection. Data are representative of three independent experiments 
with ≥ 10 mice per group. Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, 
paired Student’s t-test (b-d), two-tailed unpaired Student’s t-test (e). 
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HMGB2 regulates the chromatin accessibility of Tpex and Tex genes during Cl13 

infection 

Since HMGB2 has a well-characterized role in chromatin remodeling, we next 

asked whether HMGB2 regulates the epigenetic program of exhausted T cells. We sorted 

WT and Hmgb2-/- P14 T cells from mice at 8dpi Cl13 and used ATAC-seq to identify 

significant changes in chromatin accessibility in the absence of HMGB2. PCA of the 

ATAC-seq profiles segregated WT and Hmgb2-/- P14 T cells across PC1 (91% variance), 

indicating that Hmgb2 has a significant effect on chromatin accessibility (Fig. 3.6a). We 

found 6,542 differentially accessible regions (DAR), with most having decreased 

accessibility in Hmgb2-/- P14 T cells compared with WT (Fig. 3.6b). Genomic annotation 

showed about 17.5% of these accessibility changes were at promoters (≤1kb) or 

transcription start sites (TSS) (Fig. 3.6b). The genes in close proximity to loci with reduced 

accessibility in Hmgb2-/- P14 T cells were associated with Tpex cells, including Batf, 

Foxo1, Id3, Ikzf2, Slamf6, Sell and Bach2 (Fig. 3.6c)92. Notably, we also observed 

decreased accessibility near the pro-survival gene Bcl2, which is required for Tpex cell 

survival (Fig. 3.6c)234. This is consistent with the decreased numbers and increased cell 

death of Hmgb2-/- Tpex cells observed during Cl13 infection. In contrast, loci with 

increased accessibility in Hmgb2-/- P14 T cells were near genes associated with apoptosis 

and terminal Tex cells, including Tigit, Klrg1, Ccr5, Casp3, Ifng, Ctla4, Tbx21, Prf1, 

Adam8, Lgals3, and Gzmb (Fig. 3.6c, d)92. We observed a similar trend when looking at 

promoters-TSS (≤1kb) containing DAR. Promoters of genes associated with Tpex cells 

had reduced accessibility in Hmgb2-/- P14 T cells (Tcf7, Cxcr5, Ccr7, Gata3, Bcl6, Il7r, 
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Fig. 3.6 Epigenetic programming of exhausted T cells by HMGB2. 
ATAC-seq analysis of WT and Hmgb2-/- P14 T cells at 8dpi LCMV Cl13. (a) Principal 
component analysis (PCA) of all samples by global chromatin accessibility profile. (b) 
Location of significantly differentially accessible ATAC-seq peaks (FDR ≤ 0.05, 
|log10FC| ≥ 0.3). (c) Heatmap of all significantly differentially accessible loci (DAR). 
Numbers on left denote number of DAR. Each column represents a biological replicate 
of n = 10 mice pooled. (d) ATAC-seq tracks of genes associated with effector and 
terminal exhausted T cells. DAR are highlighted with grey bars. (e) Heatmap of DAR 
within promoters-TSS (≤1kb). Each column represents a biological replicate of n = 10 
mice pooled. (f) Gene ontology (GO) biological process enrichment from Metascape 
of DAR within promoters-TSS (≤1kb) from e. (g) Fold change in ATAC accessibility 
versus RNA expression. Key genes with DAR in promoters-TSS (≤1kb) are highlighted 
in red. Inset, table enumerating number of ATAC peak-gene pairs in each quadrant. 
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Bcl2a1c, Eomes), while promoters of terminal Tex genes were more accessible (Klrg1, 

Ccr5) (Fig. 3.6e)95, 107, 111, 131.  

To further characterize genes associated with DAR at promoters-TSS (≤1kb), we 

performed pathway enrichment. Genes with increased accessibility at promoters in 

Hmgb2-/- P14 T cells showed significant enrichment for GO terms associated with (i) 

negative regulation of DNA-binding transcription factor activity; (ii) heterochromatin 

formation; and (iii) negative regulation of gene expression (Fig. 3.6f). Conversely, genes 

with less accessible promoter regions in Hmgb2-/- P14 T cells had significant enrichment 

of GO terms associated with (i) positive regulation of cell development; (ii) positive 

regulation of T cell activation; and (iii) transcription coregulator/coactivator binding (Fig. 

3.6f). To assess the correlation between chromatin accessibility and gene transcription, 

we compared these DAR with our 8dpi Cl13 DEG (Fig. 3.2a, b). Overall, the epigenetic 

changes induced by HMGB2 corresponded to functionally relevant events, with the 

majority of DEG having accompanying changes in chromatin accessibility (119 

upregulated DEG with increased accessibility, 237 downregulated DEG with decreased 

accessibility) (Fig. 3.6g). For instance, the promoters-TSS (≤1kb) for Eomes, Bcl6 and 

Samd3 were less accessible with lower RNA expression in Hmgb2-/- P14 T cells, while 

the Ccr5 promoter was more accessible with increased RNA expression in Hmgb2-/- P14 

T cells (Fig. 3.6g). Our data suggests a significant role for HMGB2 in CD8+ T cell 

chromatin accessibility, and more specifically, the opening of genomic regions associated 

with progenitor cells and the closing of genomic regions associated with terminal cell 

differentiation. Together, these data contribute to our understanding of the mechanisms 

by which HMGB2 regulates the development of exhausted CD8+ T cells.   
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Cell-intrinsic HMGB2 expression in CD8+ T cells is required for anti-tumor 

responses  

Since persistent antigen presentation in tumors also drives differentiation of 

exhausted CD8+ T cells, we next asked whether HMGB2 regulated tumor-specific CD8+ 

T cells. We co-transferred congenically marked (1x106 cells/each) WT and Hmgb2-/- P14 

T cells at a 1:1 ratio into WT mice and subcutaneously injected B16-GP33-41 melanoma 

cells (1x106 cells) a day later. B16-GP33-41 melanoma cells are highly aggressive and 

express the LCMV GP33-41 epitope, which is recognized by P14 T cells. We observed 

significantly decreased frequencies of Hmgb2-/- P14 T cells compared to WT in the tumor 

and tumor draining lymph nodes (TdLNs) at day 18 post melanoma cell injection (Fig. 

3.7a). The numbers of Hmgb2-/- P14 T cells were also significantly decreased in the tumor 

and TdLNs (Fig. 3.7b). We next evaluated the frequencies of Tpex and Tex cells by 

measuring TCF-1 and TIM-3 expression of tumoral WT and Hmgb2-/- P14 T cells and 

found significantly less Hmgb2-/- Tpex cells compared to WT, similar to our findings during 

Cl13 infection (Fig. 3.7c). These data indicate HMGB2 expression is also required for the 

maintenance and differentiation of Tpex and exhausted CD8+ T cells in melanoma 

tumors. 

To assess the role of HMGB2 expression in CD8+ T cells on tumor control, we 

adoptively transferred 1x106 congenically marked WT or Hmgb2-/- P14 T cells into 

separate, congenically mismatched WT mice. The next day, mice were given 1x106 B16-

GP33-41 melanoma cells s.c. We observed the highest median survival in mice given WT 

P14 T cells, with mice receiving Hmgb2-/- P14 T cells or no T cells having similar survival 
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(Fig. 3.7d). These findings suggest HMGB2 expression in exhausted CD8+ T cells is 

critical for anti-tumor immunity in melanoma tumors. 

Figure 3.7 HMGB2 regulation of anti-tumor CD8+ T cells. 
(a) WT and Hmgb2-/- P14 T cells were co-transferred into WT mice at 1:1 and given 
B16-GP33-41 melanoma cells s.c. Tumors and tumor draining lymph nodes (TdLN) 
isolated at 18dpi. Frequencies (a) and numbers (b) of WT and Hmgb2-/- P14 T cells 
within the tumor and TdLN at 18dpi. (c) Frequencies of progenitor exhausted (Tpex) 
and terminal exhausted (Tex) T cells at 18dpi in the tumor. (d) Survival of mice with 
B16-GP33-41 melanoma and adoptive transfer of either WT, Hmgb2-/-, or no P14 T cells. 
Data are representative of three independent experiments with ≥ 10 mice per group 
(a-c) or two independent experiments combined with ≥ 13 mice per group (d). Data is 
mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, paired Student’s t-test (a-c), log-
rank (Mantel-Cox) test (d). 
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SUPPLEMENTARY FIGURES 

  

Supplementary Figure 3.1 Terminal exhaustion of Hmgb2-/- CD8+ T cells during 
chronic LCMV infection. 
Inhibitory-receptor expression in WT and Hmgb2-/- P14 T cells during Cl13 infection in 
spleens (a) and blood (b). (c) TOX expression during LCMV Cl13 infection in the blood 
(8-21dpi) and spleen (46dpi). Each symbol represents an individual mouse. Data are 
representative of three independent experiments with ≥ 5 mice per group. Data is mean 
± s.e.m. *p ≤ 0.05, **p ≤ 0.01, Paired Student’s t-test (a, c), two-sided Student’s t-test 
(b). 
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Supplementary Figure 3.2 HMGB2 regulates the TCF-1 transcriptional network 
in CD8+ T cells during Cl13 infection.  
(a) TCF-1 causal network identified with Ingenuity Pathway Core Analysis (IPA) 
(activation z-score = -3.236, network bias-corrected p-value = 0.00001). Input was 
differentially expressed genes (DEG) (padj ≤ 0.1, |log2FC| ≥ 0.5) between WT and 
Hmgb2-/- P14 T cells at 20dpi Cl13.  
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Supplementary Figure 3.3 HMGB2 regulation of Tpex cells during chronic LCMV 
infection. 
(a) TCF-1 expression in WT and Hmgb2-/- mice during Cl13 infection in the blood. (b) 
Frequencies of HMGB2+ and HMGB2- cells within Tpex and Tex WT P14 T cells 
isolated from spleens at 8dpi Cl13. (c) Frequencies of Tpex and Tex within HMGB2+ 
and HMGB2- WT P14 T cells isolated from spleens at 8dpi Cl13. Each symbol 
represents an individual mouse. Data are representative of three independent 
experiments with ≥ 5 mice per group. Data is mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ***p 
≤ 0.001, ****p ≤ 0.0001, two-sided Student’s t-test (a), Paired Student’s t-test (b-c), 
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DISCUSSION 

Our findings showed a cell-intrinsic role for HMGB2 in the differentiation and 

stemness of exhausted CD8+ T cells in viral and tumor models. We found HMGB2 

expression and upregulation in exhausted CD8+ T cells. In response to chronic viral 

infection, exhausted Hmgb2-/- CD8+ T cells showed decreased progenitor exhausted T 

cell (Tpex) differentiation and survival, with these cells unable to persist during prolonged 

infection. Despite Hmgb2-/- CD8+ T cells expressing TCF-1 and TOX master regulators, 

these transcription factors failed to induce the differentiation of Tpex and terminal 

exhausted T cells (Tex). Transcriptomic and chromatin accessibility analyses revealed 

that HMGB2 in exhausted CD8+ T cells functioned to increase expression and 

accessibility of Tpex-specific gene signatures, while decreasing expression and 

accessibility of terminal Tex gene signatures. 

Compared to effector and memory T cells, the regulation of exhausted CD8+ T 

cells remains poorly understood. Persistent Cl13 infection induces NFAT and calcineurin 

signaling, which induces TOX expression in CD8+ T cells126, 136, 235. We observed similar 

levels of TOX expressed in WT and Hmgb2-/- CD8+ T cells during Cl13 infection, 

suggesting effective TCR, NFAT, and calcineurin signaling in Hmgb2-/- CD8+ T cells. 

Accordingly, both WT and Hmgb2-/- P14 T cells expanded to similar numbers by 8dpi Cl13 

infection, indicating that Hmgb2-/- P14 T cells were effectively primed and activated during 

early stages of chronic viral infection. However, despite similar phenotypes and initial 

responses of exhausted WT and Hmgb2-/- P14 T cells, Hmgb2-/- P14 T cells drastically 

declined after 8dpi Cl13 infection and did not persist. During Cl13 infection, the 

transcription factors TOX and TCF-1 are critical to form exhausted T cells106, 127. However, 
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the loss of exhausted Hmgb2-/- P14 T cells was not due to diminished TOX or TCF-1 

expression, as both transcriptional regulators were expressed at similar levels to WT. 

Importantly, TOX and TCF-1 were insufficient to establish and sustain Hmgb2-/- Tex cells 

throughout Cl13 infection. This links HMGB2 proteins with TOX and TCF-1 regulation of 

exhausted T cell differentiation. 

HMGB2 proteins regulate cellular stemness, as shown by defects in various 

differentiation programs in Hmgb2-/- mice174, 236, 237, 238, 239. During chronic infection, stem-

like Tpex cells arise, which can self-renew and seed the Tex pool. Using transcriptomics, 

we found HMGB2 positively regulated the expression of Tpex cell associated genes and 

correspondingly, we found HMGB2 positively regulated Tpex cell frequencies, numbers, 

and survival. HMGB2’s regulation of Tpex cell differentiation and long-term maintenance 

is similar to that of TCF-1, a key transcriptional regulator of Tpex-specific programming; 

Tcf7-/- CD8+ T cells fail to develop into Tpex cells and decline throughout Cl13 infection98, 

106. However, despite the loss of Hmgb2-/- Tpex cells, Hmgb2-/- T cells had similar 

frequencies of TCF-1+ cells compared to WT. Furthermore, exhausted Tcf7-/- CD8+ T cells 

have increased expression of Hmgb2 compared to TCF-1+ CD8+ T cells106. Together, 

these data suggest HMGB2 and TCF-1 co-regulate Tpex cell differentiation. There is 

significant clinical interest in understanding the differentiation of Tpex cells for 

immunotherapy use in cancer and chronically infected patients; Tpex cells provide the 

effector T cell proliferative burst after immune checkpoint blockade (ICB) and may have 

therapeutic predictive value in patients240, 241, 111, 225, 226. Although we did not evaluate the 

response of Hmgb2-/- Tpex cells to anti-PD-1/anti-PD-L1 blockade, we observed a defect 

in their reinvigoration with secondary Arm infection. Therefore, combining HMGB2 
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modulation with anti-PD-1/anti-PD-L1 therapy may enhance and preserve Tpex cell 

differentiation and increase clinical efficacy in the settings of chronic infections and 

cancer. Together, our findings showed HMGB2 regulates the differentiation, survival, and 

reinvigoration of Tpex cells, and may help predict ICB efficacy. 

Exhausted T cells develop permanent epigenetic marks early in their 

differentiation, with additional epigenetic changes acquired at later stages of 

exhaustion116, 138, 222. Since the epigenetic program of exhausted T cells is relatively 

stable, ICBs can only transiently reinvigorate exhausted T cells, as they reacquire their 

exhausted epigenetic program over time44, 100, 120, 142, 143. Combining chromatin 

remodeling with ICBs may represent a new clinical approach to increase the 

reinvigoration potential of exhausted T cells. Therefore, identifying exhaustion-specific 

epigenetic regulators is a pressing clinical need for patients with chronic diseases. 

HMGB2 is a known chromatin modifier, but its role in the epigenetic programming of 

exhausted T cells is not known. Here, we found that HMGB2 regulated the accessibility 

of genomic regions in exhausted T cells, with most of these changes corresponding to 

functionally relevant events in gene transcription. HMGB2 directly supported the 

accessibility of Tpex associated genes, many of which are regulated by the transcription 

factor TCF-1, while decreasing the accessibility of genes associated with terminal Tex 

cells and apoptosis. Therefore, we hypothesize that HMGB2 supports Tpex cell 

differentiation by modulating the accessibility and expression of genes regulated by TCF-

1 and possibly other critical transcriptional regulators. Notably, Ingenuity Pathway 

Analysis (IPA) identified the TCF-1 master regulatory pathway as being one of many 

significantly inhibited in Hmgb2-/- P14 T cells, suggesting HMGB2 is required for TCF-1 
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mediated transcriptional programs in exhausted T cells. HMGB2 may enhance TCF-1 

binding to its targets, as it does with LEF1, a transcription factor functionally similar to 

TCF-1239, 242. Furthermore, TCF-1 and LEF1 have been shown to regulate CD8+ T cell 

identity and function, with ablation of these transcription factors resulting in expression of 

non-T cell lineage genes243. Although exhausted Hmgb2-/- P14 T cells had high TCF-1 

expression, we found similar aberrant T cell gene expression at 20dpi Cl13 (Cd19, Cd4, 

and immunoglobulins). We propose that HMGB2 and TCF-1 co-regulate exhaustion-

specific transcriptional and epigenetic programs in CD8+ T cells through chromatin 

remodeling and facilitating transcription factor binding.  

In summary, we show that Hmgb2 expression is required for the differentiation and 

survival of Tpex cells during chronic viral infection. During chronic Cl13 infection, Hmgb2-

/- CD8+ T cells initially proliferated and expanded to similar levels as WT but were severely 

hindered in their formation of Tpex cells, thus preventing long-term exhausted T cell 

responses. We found HMGB2 increased the accessibility of Tpex signature genes, 

positively regulating the transcriptional program, differentiation, and maintenance of Tpex 

cells. We also observed decreased Hmgb2-/- Tpex cells in melanoma tumors and tumor-

draining lymph nodes, indicating HMGB2 sustains exhausted T cells in multiple models 

of persistent antigen. We found a novel and previously unidentified role for HMGB2 in the 

differentiation and survival of exhausted T cells, with vast implications for 

immunotherapies to chronic viruses and cancer. This new understanding of HMGB2’s 

role in exhausted T cell stemness is a novel contribution to TCF-1 and TOX mediated 

regulation of exhaustion and shows that HMGB2 is an indispensable partner of TCF-1 

and TOX in the formation and maintenance of exhausted T cells. 
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CHAPTER 4 

Summary and Future Directions 

Naïve CD8+ T cells develop into effector T cells after TCR activation by cognate 

antigen. In acute infections, when the antigen is cleared, the majority of effector T cells 

die with few surviving to seed the protective memory T cell pool. However, if the antigen 

is not cleared, as occurs during chronic viral infections and cancers, the responding CD8+ 

T cells adapt to persistent TCR signaling by upregulating inhibitory receptors and 

differentiating into dysfunctional exhausted T cells. The differentiation mechanisms of 

effector, memory, and exhausted CD8+ T are unique to each subset, resulting in diverse 

functions and phenotypes that define them. These observed lineage differences are 

regulated at the epigenetic and transcriptional level, with unique profiles of chromatin 

accessibility and transcription factors. Understanding the regulatory mechanisms 

underlying CD8+ T cell responses to both acute and chronic infections has vast clinical 

implications for vaccinations and immunotherapies. However, these regulatory networks 

are not fully defined, and it is important to characterize the proteins governing the 

differentiation of effector, memory, and exhausted CD8+ T cells. 

 The goal of this dissertation is to elucidate the possible regulatory role of HMGB2 

in antigen-specific CD8+ T cell differentiation during both acute and chronic infections 

(Fig. 4.1). First, we used a model of acute viral infection and found HMGB2 was not 

required for the development of functional virus-specific effector CD8+ T cells. When 

adoptively co-transferred or separately transferred into mice, both effector WT and 

Hmgb2-/- P14 T cells had similar frequencies and numbers at the peak of LCMV Arm 

infection (8dpi). They also had similar production of GranzymeB, IFN-g, and TNF-a, all  
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Figure 4.1 HMGB2 epigenetically regulates virus-specific CD8+ T cells. 
Role of HMGB2 in epigenetic programming of CD8+ T cells during acute and chronic 
infections. Top: After activation and expansion of Teff cells during acute infection (i.e. 
LCMV Arm), HMGB2 epigenetically enforces the Tcm transcriptional program, 
promoting the expression of genes required for self-renewal, recall, and survival 
(Eomes, Foxo1, Bach2, Bcl6). HMGB2 also represses the accessibility of genes 
associated with Teff cells and apoptosis (Batf, Lag3, Casp3), further promoting Tmem 
differentiation. Bottom: During chronic infection (i.e. LCMV Cl13), HMGB2 
epigenetically enforces the Tpex transcriptional program by promoting the expression 
of genes associated with stemness and survival (Bcl6, Eomes, Bcl2, Foxo1, Id3, 
Bach2) and repressing transcription of genes associated with terminal Tex cells and 
apoptosis (Tigit, Casp3, Ctla4, Gzmb, Klrg1). Abbreviations: APC, antigen presenting 
cell; Teff, effector T cell; Tcm, central memory T cell; Tpex, progenitor exhausted T 
cell; t-Tex, terminally exhausted T cell. 
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measurements of effector CD8+ T cell function. However, after acute viral clearance, 

memory Hmgb2-/- P14 T cells were at decreased numbers and frequencies compared to 

WT, with deficient differentiation of central memory T cells (Tcm). Correspondingly, 

memory Hmgb2-/- P14 T cells could not re-expand upon secondary infection. We found 

HMGB2 positively regulated the expression and accessibility of memory-associated 

genes and decreased the accessibility of genes associated with effector T cells and 

apoptosis. Together, this demonstrated HMGB2 was critical for memory T cell 

differentiation and recall capacity (Chapter 2). Using models of chronic viral infection and 

cancer, we next found HMGB2 was critical for exhausted T cell differentiation, 

maintenance, and stemness. Compared to WT, Hmgb2-/- P14 T cells were at significantly 

lower frequencies and numbers throughout chronic LCMV infection, with decreased 

frequencies of progenitor exhausted T cells (Tpex). Tpex cells can self-renew and seed 

the more terminal exhausted (Tex) population, thereby maintaining the exhausted T cell 

pool during chronic infections. Notably, the loss of exhausted Hmgb2-/- P14 T cells was 

not due to diminished TCF-1 or TOX expression, as these master regulators were 

expressed at wild-type levels in Hmgb2-/- cells during Cl13 infection. A similar role for 

HMGB2 in the maintenance and development of Tpex cells was also seen in melanoma 

tumors and tumor draining lymph nodes (TdLNs) from mice. We found that HMGB2 

positively regulated the accessibility and expression of Tpex associated genes, while 

suppressing genes associated with terminal exhaustion. Collectively, we found HMGB2 

is critical for the development and maintenance of exhausted T cells through promoting 

the expression of genes associated with the formation of Tpex cells during chronic 

infections (Chapter 3). However, there still remains many future areas of research 
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regarding the role of HMGB2 in antigen-specific CD8+ T cells, as well as its role in other 

adaptive immune responses. 

The importance of HMGB2 expression in maintaining exhausted T cell responses 

during both chronic viral infection and cancer opens many avenues for future research. 

One important question that arises is how HMGB2 expression impacts overall viral and 

tumor control in mice. Since we found HMGB2 is critical for the formation and persistence 

of exhausted CD8+ T cells, and these dysfunctional cells still provide some protection to 

chronically infected hosts, we hypothesize Hmgb2-/- exhausted T cells will be impaired in 

chronic viral and tumor control, resulting in increased viral loads and tumor burdens in 

mice. To investigate the impact of HMGB2 expression specifically in CD8+ T cells on viral 

load, we would take a similar separate adoptive transfer approach to that outlined in Fig. 

3.1a. However, the experimental setup would need to be adjusted as the original transfer 

of only 1x103 WT or Hmgb2-/- P14 T cells is insufficient to impact LCMV Cl13 viral 

control244. In order to overcome this limitation, we would take a similar approach to that 

in Blattman et al. and deplete mice of CD4+ T cells to prevent immunopathology and 

adoptively transfer ≥105 WT or Hmgb2-/- P14 T cells244. Viral load in the serum of mice 

will be measured throughout chronic LCMV infection, with viral loads in tissues being 

examined at the end of the experiment, including brain, liver, kidney, and lung. To 

investigate whether HMGB2 expression in exhausted P14 T cells impacts tumor control, 

we would separately adoptively transfer 1x106 WT or Hmgb2-/- P14 T cells into mice 

before inoculation with 1x106 B16-GP33-41 melanoma cells, and measure tumor growth 

and survival. Given previous studies in the lab using B16-GP33-41 melanoma cells, 

measurements would begin at 8dpi and continue until mice reached the tumor burden 
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threshold of 1800mm3. At the end of the experiment, tumors would be excised and 

weighed. For studies evaluating the impact of HMGB2 expression in all cell types on viral 

control, we would infect C57BL/6J and Hmgb2-/- mice with LCMV Cl13, similarly to the 

experiment outlined in Fig. 3.1i-l. Our preliminary studies show HMGB2 expression is 

critical for the formation and maintenance of multiple virus-specific CD8+ T cell clones. 

We found a slight trend towards increased viral load in both the serum and kidneys of 

Hmgb2-/- mice, which warrants future repeats of the experiment that are carried out to 

later timepoints post-infection. However, we did find significantly increased viral loads in 

the brains and lungs of Hmgb2-/- mice. To investigate the global impact of HMGB2 

expression on tumor control, C57BL/6J and Hmgb2-/- mice would be implanted with 1x106 

B16-GP33-41 melanoma cells subcutaneously and the tumor burden would be measured 

with tumor weights collected at the end. Additionally, mouse survival would be determined 

throughout the experiment. Together, these studies would allow us to investigate whether 

HMGB2 expression impacts viral and/or tumor control, and if this impact is due to HMGB2 

expression in CD8+ T cells alone. 

 Our study discovered a critical role for HMGB2 expression in the formation and 

maintenance of Tpex cells, which not only seed the exhausted T cell pool, but are 

important for patient responses to immune checkpoint blockade (ICB) therapy. With ICB 

therapies, including anti-PD-1/PD-L1, the Tpex population expands and is responsible for 

the effector T cell burst in responding patients. Therefore, an important question to ask is 

if HMGB2 expression is critical for T cell responses to ICB therapies (Fig. 4.2a). To 

address this, we would follow the same co-transfer experimental approach as outlined in 

Fig. 3.1f, but would additionally treat mice with either IgG or anti-PD-1/PD-L1. We would  



 109 

  

Figure 4.2 Future areas of research for HMGB2 in adaptive immune responses.  
(a) The role of HMGB2 in preserving the Tpex cell population and enhancing 
responses of exhausted T cells to ICB therapy in chronic viral infections and cancers 
remains unknown. (b) How HMGB2 expression is regulated in T cells and whether it 
is linked to TCR signaling/calcineurin/NFAT proteins is unknown. (c) HMGB2-specific 
binding sites in T cell subsets have not been characterized. (d) Interactions with other 
transcription factors and/or chromatin remodeling proteins in Teff, Tmem, and Tex cells 
are unknown. More specifically, possible co-regulation with TOX and/or TCF-1 
requires further investigation. (e) The role of HMGB2 in other immune cells, including 
antigen-specific CD4+ T cells and B cells, is unknown. Abbreviations: Tpex, progenitor 
exhausted T cell; Teff, effector T cell; Tcm, central memory T cell; Tex, exhausted T 
cell. 
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follow a well-documented anti-PD-1/PD-L1 treatment plan in order to best examine the 

responses of exhausted P14 T cells to ICB therapy221. Frequencies, proliferation, and 

effector function of adoptively transferred WT and Hmgb2-/- P14 T cells would be 

measured throughout Cl13 infection in order to determine whether HMGB2 expression 

impacted ICB-mediated T cell responses. Additionally, we would further evaluate 

responses of exhausted Hmgb2-/- T cells to ICB therapy by inoculating Hmgb2-/- mice with 

LCMV Cl13 or B16-GP33-41 melanoma and following both T cell responses and overall 

viral and tumor loads with anti-PD-1/PD-L1 treatment. The above-mentioned studies 

could also be done using other ICB therapies, including anti-CTLA-4. If we find HMGB2 

expression is indeed required for ICB responses to chronic infections, these studies would 

reveal HMGB2 expression as a possible predictor of ICB responsiveness.  

 Additionally, we want to investigate how HMGB2 overexpression in exhausted T 

cells would impact the stability of the Tpex population during chronic infections. We found 

that HMGB2 was required for both the formation and survival of Tpex cells during Cl13 

infection, and thus hypothesize that overexpressing HMGB2 in exhausted T cells may 

help preserve this clinically relevant population. Using an optimized protocol for adoptive 

transfer of retrovirally transduced murine T cells245, we would engineer P14 T cells that 

overexpress HMGB2 (HMGB2OE) and compare their anti-viral responses in vivo to non-

transduced WT and Hmgb2-/- P14 T cells. In addition to evaluating frequencies, numbers, 

inhibitory receptor expression, and effector function of exhausted HMGB2OE T cells, we 

would also characterize the differentiation and survival of HMGB2OE Tpex cells. This 

would provide new insight into whether HMGB2 is sufficient to drive Tpex development 

and persistence during chronic viral infection. Furthermore, we want to investigate the 
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impact of HMGB2 overexpression on tumor-specific exhausted T cells using a similar 

approach but with adoptive transfer of HMGB2OE into mice before inoculation with B16-

GP33-41 melanoma tumors. The balance between Tpex and Tex cells in the tumor 

microenvironment and TdLN is a therapeutic marker of patient responses to 

immunotherapies111, 246. Therefore, using the adoptive transfer of HMGB2OE P14 T cells 

in tumor-bearing mice allows us to investigate whether HMGB2 promotes the formation 

of Tpex cells, tipping the balance towards increased responsiveness to ICB therapies. 

We would evaluate HMGB2OE Tpex and Tex cell frequencies, numbers, phenotype, and 

function in tumors and TdLNs compared to adoptively transferred non-transduced WT 

and Hmgb2-/- P14 T cells. In addition to general characterization of HMGB2OE Tpex cells 

during chronic viral infection and cancer, we would also want to evaluate the ICB 

responsiveness of these cells to anti-PD-1/PD-L1 checkpoint blockade. Using the 

adoptive transfer approach outlined above, we would also treat Cl13 infected and tumor 

bearing mice that received HMGB2OE P14 T cells with anti-PD-1/PD-L1 and investigate 

the impact of HMGB2 overexpression on Tpex cell re-expansion and effector function. 

Additionally, we could investigate the impact of HMGB2 overexpression on viral and 

tumor control, both with and without the addition of ICB therapy. Together, these 

overexpression studies would help provide insight into the role of HMGB2 in preserving 

the Tpex population and may have the potential to help improve therapeutic approaches 

that rely on the re-expansion and function of Tpex cells for durable patient responses.  

 We could also utilize HMGB2OE P14 T cells to investigate how HMGB2 

overexpression might impact memory T cell differentiation and recall capacity. After 

LCMV Arm viral clearance, we found Hmgb2-/- P14 T cells had decreased differentiation 
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of Tcm cells, with the majority being effector memory T cells (Tem). Tcm cells are critical 

for secondary immune responses to reinfections, as this population can self-renew to 

maintain the memory T cell pool and can re-expand to mount secondary effector T cell 

responses. Therefore, we want to determine if HMGB2 expression is sufficient for the 

formation and function of Tcm cells after acute viral infection. Using the retrovirally 

transduced HMGB2OE P14 T cells described above, we would adoptively transfer these 

into mice before infection with LCMV Arm and follow effector and memory CD8+ T cell 

responses. We would focus on how the differentiation of memory T cell subsets may be 

impacted in HMGB2OE T cells, and using a model of secondary infection similar to Fig. 

2.6a, we would also investigate the recall responses, secondary effector functions, and 

pathogen control of HMGB2OE memory T cells. These studies would be an important 

addition to our findings of HMGB2 as a regulator of the differentiation and self-renewal of 

Tcm cells. Importantly, understanding whether HMGB2 overexpression may increase 

frequencies and recall responses of Tcm cells could have potential impacts on 

approaches to vaccination and immunotherapy design.  

 Despite our thorough characterization of HMGB2’s role in memory and exhausted 

CD8+ T cell differentiation and stemness, there are still many important unanswered 

questions regarding its regulation. It was previously unknown how HMGB2 expression 

was regulated in CD8+ T cells, but we found upregulation of HMGB2 with T cell activation 

and sustained expression with chronic infection. This suggests HMGB2 expression is 

induced by T cell receptor (TCR) signaling, although this dissertation did not directly 

investigate this possibility (Fig. 4.2b). One approach to elucidate the upstream regulators 

of HMGB2 expression in CD8+ T cells is to investigate if HMGB2 expression depends on 
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calcineurin signaling. When T cells are activated by antigen through their TCR, 

downstream signals result in the release of calcium (Ca2+) and the activation of 

calcineurin, which operates through NFAT proteins to induce the expression of genes 

required for T cell expansion and responses247. We would first measure HMGB2 

expression in naïve CD8+ T cells after treatment with ionomycin, which induces Ca2+ influx 

and calcineurin signaling. The HMGB2 expression in these T cells would be compared to 

naïve CD8+ T cells treated with either phorbol myristate acetate (protein kinase C 

activator) alone or in combination with ionomycin to comprehensively determine the role 

of calcineurin signaling on HMGB2 expression. Since calcineurin signaling acts primarily 

through NFAT proteins, we could additionally investigate the role of NFAT1 and NFAT2 

in driving HMGB2 expression. We could explore this possible regulation in vitro using 

stimulated T cells retrovirally transduced with constitutively active, nucleus-restricted 

NFAT1 or NFAT2 and measuring their HMGB2 expression. Moreover, we could analyze 

HMGB2 expression in NFAT1 or NFAT2 conditional knock-out P14 T cells in LCMV Cl13 

infected mice (from Nfatc1/2flox/floxCd4cre P14 mice). Utilizing these approaches will help 

elucidate whether HMGB2 expression is regulated by calcineurin-mediated TCR 

signaling and/or NFAT proteins in CD8+ T cells.  

 HMGB2 functions as a chromatin modifier, regulating the accessibility and 

transcription of various genes. However, the exact binding sites of HMGB2 in CD8+ T 

cells are unknown (Fig. 4.2c). Of note, it may be difficult to identify these sites because 

HMGB proteins bind DNA without sequence specificity, preferentially interacting with 

noncanonical DNA structures. However, various studies have used omics to identify the 

binding sites of HMGB1 in various cell types168. First, we would perform chromatin 
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immunoprecipitation sequencing (ChIP-seq) to analyze HMGB2 interactions with DNA in 

naïve, effector, memory, and exhausted CD8+ T cells. Of note, HMGB proteins are not 

compatible with standard formaldehyde fixation and thus a dual-cross-linking ChIP-seq 

method has been efficient in capturing HMGB proteins bound to their cognate sites248. 

ChIP-seq allows us to identify genome-wide DNA binding sites of HMGB2, which are 

currently unknown in all T cell subsets. To further characterize the location of HMGB2 

binding sites, we would also utilize high-throughput chromosome conformation capture 

(Hi-C) to analyze the organization of chromatin, including the location of topologically 

associating domains (TADs). This technique incorporates 3-D chromatin structure with 

binding site locations, allowing for a more comprehensive picture of where HMGB2 binds 

the genome during different stages of T cell differentiation. We could also integrate the 

ChIP-sequencing data with our ATAC-sequencing data to visualize the proximity between 

HMGB2 binding sites and the changes in chromatin accessibility we discovered. These 

studies will also determine if HMGB2 directly regulates the accessibility of transcription 

factor binding sites. The binding sites of TCF-1 would be of particular interest as we 

hypothesize TCF-1 requires HMGB2 in exhausted CD8+ T cells to regulate transcription 

of its target genes. In addition to modulating the accessibility of binding sites, HMGB2 

could also regulate transcription factor activity through direct binding. The majority of 

HMGB binding partners have been identified through interactions with HMGB1, with very 

little known about binding partners of HMGB2 (Fig. 4.2d). Thus, we would perform 

immunoprecipitation followed by mass spectrometry to identify proteins bound to HMGB2 

in CD8+ T cells at homeostasis and during both acute and chronic infections. To validate 

some proteins of interest that interact with HMGB2, we would perform co-



 115 

immunoprecipitation. Not only would this allow us to identify any transcription factors 

directly bound to HMGB2, but could also inform us about possible interactions with other 

chromatin remodeling proteins or proteins involved with DNA replication. 

 Through RNA- and ATAC-sequencing, we were able to profile CD8+ T cell gene 

expression and chromatin accessibility regulated by HMGB2. However, in the future we 

should expand our analysis to include additional timepoints during infection and additional 

bioinformatic strategies. Given the critical role for HMGB2 in memory T cell differentiation, 

survival, and re-expansion, we should perform both RNA- and ATAC-sequencing on 

memory WT and Hmgb2-/- P14 T cells (i.e. >20dpi Arm). Since we identified HMGB2 as 

a regulator of Tcm differentiation, we should also perform the previously mentioned 

analyses on sorted Tcm cells. On top of identifying global transcriptional and epigenetic 

changes regulated by HMGB2 in memory CD8+ T cells, we would also focus on regions 

of chromatin required for recall upon secondary infections. Some of these regions in Tcm 

cells are regulated by TCF-1, and include those associated with glycolytic enzymes, cell 

cycle regulators, and transcriptional regulators60. We could then directly compare regions 

identified in our studies with those regulated by TCF-1 to gain a better understanding of 

how HMGB2 and TCF-1 may co-regulated memory T cell differentiation. This could be 

further investigated by comparing RNA- and ATAC-sequencing results from sorted Tcm 

cells that are at either resting state or had experienced ex vivo stimulation with GP33-41 

peptide. Together, these genomic studies will provide us with insight into how HMGB2 

may be regulating Tcm differentiation and recall capacity. We should also perform ATAC-

sequencing on exhausted WT and Hmgb2-/- P14 T cells at 20dpi Cl13 to accompany our 
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20dpi RNA-sequencing data. This would provide us with additional mechanisms through 

which HMGB2 may regulate exhaustion-specific gene expression.  

 Although we thoroughly analyzed our RNA- and ATAC-sequencing data for this 

dissertation, we were limited by my expertise in comparative genomics and next-

generation analyses and should perform additional bioinformatic analyses. First, we 

should integrate our RNA- and ATAC-sequencing data from WT and Hmgb2-/- P14 T cells 

at 8dpi Cl13. Through this, we would be able to visualize the overlaid RNA- and ATAC-

sequencing tracks and could get a better understanding of genomic regions where 

accessibility and thus gene expression were regulated by HMGB2. Additionally, we 

should perform gene set enrichment analysis (GSEA) on our RNA- and ATAC-

sequencing experiments (both 8dpi and 20dpi). This analysis would characterize the 

global transcriptional and epigenetic signatures of WT and Hmgb2-/- P14 T cells in terms 

of having weak or strong enrichments to naïve, effector, memory, and/or exhausted T 

cells. GSEA would further characterize the differentially expressed genes (DEG) and 

differentially accessible regions (DAR) we observed between samples during LCMV Arm 

and Cl13 infection. Although we performed Ingenuity Pathway Analysis (IPA) on our RNA-

sequencing data to identify transcriptional networks regulated by HMGB2, more recently, 

studies are using a different platform called PageRank network analysis249. We would 

perform PageRank analysis on our transcriptional and epigenetic data to identify 

transcription factor networks regulated by HMGB2 expression. This analysis could 

corroborate our IPA findings, but could also identify new transcriptional networks. 

Furthermore, we should perform transcription factor binding motif analysis on our DAR to 

identify any binding sites within regions where accessibility is regulated by HMGB2250. 
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Combining PageRank network analysis and transcription factor binding motif analysis 

would elucidate any transcription factors whose binding sites are regulated by HMGB2 in 

CD8+ T cells. This would provide more insight into the mechanisms through which 

HMGB2 regulates memory and exhausted T cell differentiation and function. 

 The epigenetic stability of exhausted CD8+ T cells has been well characterized and 

underlies the transient responses of patients to ICB therapy. In our studies, we identified 

numerous regions of chromatin regulated by HMGB2, but did not investigate whether 

HMGB2 regulates regions that are “scarred”, referring to regions where accessibility 

remains unchanged after chronic infection cure or ICB therapy. Identifying the epigenetic 

regulators of these scarred regions has clinical implications for improving and extending 

responses to ICB therapies. To determine scarred loci in CD8+ T cells and whether these 

are regulated by HMGB2, we would perform a similar co-transfer experiment to that in 

Fig. 3.1f using Cl13 infected mice. At 30dpi, we would isolate exhausted WT and Hmgb2-

/- P14 T cells and adoptively co-transfer them into infection-free recipient mice. The 

exhausted P14 T cells that survive in antigen free mice will be isolated at 30 days post-

transfer. We would perform ATAC-sequencing on WT and Hmgb2-/- P14 T cells isolated 

at either 30dpi primary Cl13 infection (Tex) or at 30 days post-transfer into infection-free 

mice (Recovering-Tex). We would compare the epigenetic profile of Hmgb2-/- Tex and 

Hmgb2-/- Recovering-Tex cells to identify any scarred regions that remained unchanged 

despite removal of antigen. These DAR would be compared to those identified between 

WT Tex and WT Recovering-Tex cells to highlight any scarred regions regulated by 

HMGB2. This study would provide us insight into whether HMGB2 prevents and/or 

maintains scarred regions in exhausted T cells that may impact ICB responses. If HMGB2 



 118 

or HMGB2-dependent events regulate the epigenetic inflexibility of exhausted T cells, this 

would suggest potential therapeutic strategies based on HMGB2 manipulation. 

 Finally, further questions remain regarding the role of HMGB2 in other cell types, 

including CD4+ T cells, B cells, and human CD8+ T cells (Fig. 4.2e). We have initiated 

breeding of WT and Hmgb2-/- SMARTA mice, which are TCR transgenic mice with a CD4+ 

T cell repertoire specific for the LCMV GP61-80 epitope. Using these mice for adoptive 

CD4+ T cell transfers would allow us to investigate HMGB2 expression and function in 

virus-specific naïve, effector, memory, and exhausted CD4+ T cells. We would perform 

very similar experiments to those using P14 T cells outlined in this dissertation. Since 

HMGB2 has not been characterized in CD4+ T cells, understanding its role in CD4+ T cell 

differentiation and responses would be a major contribution to the field of T cell biology. 

Similarly to CD4+ and CD8+ T cells, B cells express HMGB2, but its role in B cell 

development and function has not been investigated. To characterize HMGB2 expression 

specifically in B cells, we would need to create Hmgb2flox/floxCd19cre mice either through 

the UCI Transgenic Mouse Facility (TMF) or by breeding Hmgb2flox/flox mice with Cd19cre 

mice in house using mice purchased from Shanghai Model Organisms and Jackson 

Laboratory, respectively. Using the Cre-lox system will allow us to study the impact of 

HMGB2 expression in CD19+ B cells, and since this system is geminal and not inducible, 

B cells at all phases of development will have Hmgb2 deletion. This model will not only 

elucidate the role of HMGB2 in B cell development, but also its role in anti-viral and anti-

tumor B cell responses by using LCMV and B16 melanoma models.  

Since the protein sequence of HMGB2 shows 98% homology between mice and 

humans, we are also interested in HMGB2 regulation and function in human CD8+ T cells. 
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We would first characterize HMGB2 expression, both RNA and protein, in human CD8+ 

T cell subsets and determine if HMGB2 expression may be linked to T cell activation 

similarly to the experiment outlined above. Also, we would characterize HMGB2 

expression levels in CD8+ T cells from chronically infected patients and could utilize 

preexisting data sets where patient peripheral blood monocular cells (PBMC) were 

isolated pre-, during, and post-chronic infection142, 143. This characterization of HMGB2 

expression would also extend to patient tumor-specific exhausted CD8+ T cells, as we 

discovered HMGB2 was required for maintenance of tumor-specific CD8+ T cells in mice. 

Furthermore, we would be interested in characterizing HMGB2 expression in Tpex, Tex, 

and Tcm cells from patient PBMC samples.  

Although we identified HMGB2 as a critical regulator of CD8+ T cell differentiation, 

there are some limitations to our current study. First, we did not directly investigate if 

HMGB2 expression impacts initial trafficking or homing of adoptively transferred naïve 

CD8+ T cells. With our single-transfer studies, we found similar expansion and 

proliferation of WT and Hmgb2-/- P14 T cells at 8dpi LCMV Arm and Cl13. We used this 

finding to explain the loss of co-transferred Hmgb2-/- P14 T cells at 8dpi LCMV Arm and 

Cl13 as a deficiency in their activation, not their homing. However, we should have 

confirmed this by evaluating the frequencies and numbers of co-transferred WT and 

Hmgb2-/- P14 T cells at 24- and 48hrs post-transfer. Otherwise, we cannot refute that the 

decreased frequencies and numbers of Hmgb2-/- P14 T cells throughout LCMV infection 

were because of their diminished homing and uptake after initial transfer.  

TCR signal strength is a key determinant of T cell responses and depends on a 

variety of factors, including TCR affinity and avidity for peptide251, 252. Together, these can 
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influence multiple downstream signaling events after engagement, including the rate of 

calcium flux and the phosphorylation of Lck, LAT, and ERK proteins253, 254. These 

alterations to intracellular signaling pathways impact the differentiation of responding T 

cells. In murine studies with LCMV Cl13 and tumors, T cell clones with low affinity are 

enriched for Tpex and effector-like Tex cells, while high affinity T cell clones preferentially 

progress to terminal Tex cells255, 256, 257. Since clonal trajectories of responding T cells 

correlate with TCR signaling affinity, it is important to note that our studies solely utilized 

P14 CD8+ T cells, which are high affinity TCR transgenic T cells specific for the LCMV 

GP33-41 peptide. Therefore, the characterization of HMGB2’s role in regulating CD8+ T cell 

differentiation may be unique to this high affinity T cell clone, especially if HMGB2 

expression is directly regulated by TCR signaling as we are proposing. It is possible that 

HMGB2 regulation of CD8+ T cell epigenetic and transcriptional programs are dependent 

on TCR affinity, TCR signal strength, and/or activation of specific intracellular pathways. 

Diminished TCR signals associated with lower affinity T cell clones may impact HMGB2, 

and thus dampen or prevent its regulation of CD8+ T cell differentiation. The opposite 

could also be true where HMGB2 plays a more critical role in low affinity T cell clones, 

especially since they preferentially progress to Tpex cells, which we found are regulated 

by HMGB2. Thus, the role of HMGB2 in CD8+ T cell differentiation may depend on the 

affinity of T cell clones. We could determine to what extent this may be true by utilizing 

virus-specific CD8+ T cells with various affinities, including T cells specific for either 

altered GP33-41 peptides or a subdominant peptide like GP276-286. Since TCR signal 

strength determines the clonal behavior of responding T cells to chronic infections, it is 
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important to understand if HMGB2 is regulated by TCR affinity and how this may impact 

the role we discovered for HMGB2 in CD8+ T cell differentiation. 

 Another limitation of our study was we sorted all transferred P14 T cells without 

considering specific subtypes for our secondary infection studies. For example, after 

30dpi Arm infection, we sorted all live, WT and Hmgb2-/- memory T cells and transferred 

them into new mice. We then observed a deficiency in the ability of the Hmgb2-/- memory 

T cells to re-expand with secondary Arm infection. However, we had previously 

characterized a significant decrease in Hmgb2-/- Tcm cells at 30dpi Arm compared to WT 

and did not account for this when normalizing overall numbers of memory WT and Hmgb2-

/- T cells for co-transfer in the secondary infection study. Therefore, the inability of the 

memory Hmgb2-/- T cells to re-expand could be explained by the significantly decreased 

frequencies of Tcm cells compared to WT and not by an intrinsic deficiency in proliferation 

and/or self-renewal. The same is true for our exhausted T cell secondary infection studies, 

where we sorted all live, WT and Hmgb2-/- exhausted T cells at 30dpi Cl13 and did not 

account for the significantly decreased frequencies of Hmgb2-/- Tpex cells before co-

transfer into LCMV Arm infected mice. Therefore, the diminished Hmgb2-/- Tpex 

population may explain the inability of these cells to expand with reinfection as opposed 

to an intrinsic defect in their proliferation and/or self-renewal capacity. A more appropriate 

way to investigate the role of HMGB2 on memory and exhausted T cell re-expansion 

would be to normalize the subpopulations within our transferred cells and then evaluate 

their function, with an emphasis on the Tcm and Tpex populations during LCMV Arm and 

Cl13 infection, respectively. 
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 Prior to this study, there was no characterization of HMGB2’s role within 

mammalian CD8+ T cells, so it remains unclear whether our findings may translate to 

humans. Although the sequence of HMGB2 is highly conserved between mammals, it is 

unknown whether its post-translational modifications follow a similar pattern. HMGB2 

undergoes acetylation, phosphorylation, and methylation, but much of what is known 

regarding HMGB2 post-translational modifications comes from characterization of 

HMGB1258. Consequently, the pattern of these modifications in mammalian species and 

how they may influence HMGB2 localization and function are poorly understood. Thus, 

the role of HMGB2 in murine CD8+ T cell differentiation may be different than its role in 

humans, depending on the conservation and/or divergence of its post-translational 

modifications.  

Finally, while immunology research using mouse models has been instrumental in 

advancing our understanding of the immune system, there are some limitations when it 

comes to studying human immunology. Gene expression between mice and humans is 

highly conserved, but the regulatory patterns have diverged significantly. There are vast 

differences in the DNA binding patterns of many transcription factors between mice and 

humans, with potential impacts on overall cellular functions and regulatory 

mechanisms259, 260. The divergence of transcription factor binding sites between species 

may impact how, or if, HMGB2 impacts the differentiation of CD8+ T cells in humans. 

Importantly, there has not been complete characterization of the conserved transcription 

factor binding patterns, and thus it is unclear to what extent the binding sites of specific 

transcription factors, including TCF-1 and TOX, are influenced by species. Additionally, 

since HMGB2 does not bind DNA with sequence specificity, the binding sites of HMGB2 
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in mammalian cells may also differ depending on species-specific chromatin structure 

and/or epigenetic regulation at these loci. Since we are hypothesizing HMGB2 co-

regulates murine CD8+ T cell differentiation with specific transcription factors, not knowing 

whether their binding sites are conserved prevents us from fully understanding if our 

findings will translate to humans. 

Genes with conserved expression patterns in mice and humans are mainly 

associated with organelle compartments, RNA processing, and metabolic processes, 

while genes with divergent expression are associated with extracellular matrix, signaling 

receptors, and immune responses261. The regulation of genes involved in immune 

function tend to be species-specific, especially because they are frequently targeted by 

adaptive selection262, 263. There is also increasing evidence for species-specific cis-

regulatory elements near immune function genes, correlating with extensive differences 

in mouse and human immune systems261. For example, mice and humans have known 

discrepancies in their balance of leukocyte subsets264, T cell signaling components 

(ZAP70, γ-chain)265, 266, 267, Th1/Th2 differentiation268, and antigen presentation269. Since 

our studies primarily focused on CD8+ T cells, and there’s increased divergence of 

transcriptional regulatory sequences at immune related genes, it is unclear whether 

HMGB2’s regulation of the epigenetic signature and transcriptional program of murine 

CD8+ T cells will translate to humans. Specifically, HMGB2 may regulate the accessibility 

of species-specific cis-regulatory elements, and consequently, how it functions in CD8+ T 

cell differentiation may differ between mice and humans.  

Overall, our work investigating HMGB2 provides important insight into the 

epigenetic mechanisms underlying T cell differentiation. We showed that HMGB2 
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promotes the differentiation and recall function of Tcm cells following acute viral infection. 

In exhausted CD8+ T cells, HMGB2 increases the accessibility and expression of genes 

required for Tpex cell differentiation and persistence, both in chronic viral infection and 

tumors. Our findings are an exciting contribution to TCF-1 mediated regulation of memory 

and exhausted T cell stemness, showing HMGB2 is an indispensable partner for recall 

capacity and maintenance of anti-viral T cells. We reveal modulation of HMGB2 may be 

a new avenue for improving immunotherapy strategies and provide the foundation for 

future impactful projects investigating the mechanisms by which HMGB2 modulates the 

transcriptional networks and chromatin architecture of T cells. 
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